Abstract: A survey of the available literature on methods most frequently used for the identification and characterization of microbial strains, communities, or consortia is presented. The advantages and disadvantages of the various methodologies were examined from several perspectives including technical, economic (time and cost), and regulatory. The methods fall into 3 broad categories: molecular biological, biochemical, and microbiological. Molecular biological methods comprise a broad range of techniques that are based on the analysis and differentiation of microbial DNA. This class of methods possesses several distinct advantages. Unlike most other commonly used methods, which require the production of secondary materials via the manipulation of microbial growth, molecular biological methods recover and test their source materials (DNA) directly from the microbial cells themselves, without the requirement for culturing. This eliminates both the time required for growth and the biases associated with cultured growth, which is unavoidably and artificially selective. The recovered nucleic acid can be cloned and sequenced directly or subpopulations can be specifically amplified using polymerase chain reaction (PCR), and subsequently cloned and sequenced. PCR technology, used extensively in forensic science, provides researchers with the unique ability to detect nucleic acids (DNA and RNA) in minute amounts, by amplifying a single target molecule by more than a million-fold. Molecular methods are highly sensitive and allow for a high degree of specificity, which, coupled with the ability to separate similar but distinct DNA molecules, means that a great deal of information can be gleaned from even very complex microbial communities. Biochemical methods are composed of a more varied set of methodologies. These techniques share a reliance on gas chromatography and mass spectrometry to separate and precisely identify a range of biomolecules, or else investigate biochemical properties of key cellular biomolecules. Like the molecular biological methods, some biochemical methods such as lipid analyses are also independent of cultured growth. However, many of these techniques are only capable of producing a profile that is characteristic of the microbial community as a whole, providing no information about individual members of the community. A subset of these methodologies are used to derive taxonomic information from a community sample; these rely on the identification of key subspecies of biomolecules that differ slightly but characteristically between species, genera, and higher biological groupings. However, when the consortium is already growing in chemically defined media (as is often the case with commercial products), the rapidity and relatively low costs of these procedures can mitigate concerns related to culturing biases. Microbiological methods are the most varied and the least useful for characterizing microbial consortia. These methods rely on traditional tools (cell counting, selective growth, and microscopic examination) to provide more general characteristics of the community as a whole, or else to narrow down and identify only a small subset of the members of that community. As with many of the biochemical methods, some of the microbiological methods can fairly rapidly and inexpensively create a community profile, which can be used to compare 2 or more entire consortia. However, for taxonomic identification of individual members, microbiological methods are useful only to screen for the presence of a few key predetermined species, whose preferred growth conditions and morphological characteristics are well defined and reproducible. comprennent un vaste éventail de techniques basées sur l'analyse et la différenciation d'ADN microbiens. Cette caté-gorie de méthodes possède plusieurs avantages distincts. Contrairement à la plupart des autres méthodes courantes né-cessitant la production de matières secondaires par le biais de la manipulation de la croissance microbienne, les méthodes de biologie moléculaire récupèrent et analysent leur matières d'origine (l'ADN) directement à partir de cellules microbiennes sans avoir recours à la culture. Ceci élimine à la fois le temps requis pour la croissance et les biais associés avec la culture qui sont inexorablement et artificiellement sélectifs. L'acide nucléique récupéré peut être directement cloné et séquencé ou des sous-populations peuvent être amplifiées spécifiquement à l'aide de la réaction de polymérase en chaîne (PCR) et clonées et séquencées par la suite. La technologie du PCR, utilisée abondamment en médecine légale, fournit aux chercheurs la capacité unique de détecter des acides nucléiques (ADN et ARN) en quantités minimes en amplifiant plus d'un million de fois une seule molécule cible. Les méthodes moléculaires sont hautement sensibles et permettent d'atteindre une degré élevé de spécificité qui, combiné avec la capacité de séparer des molécules d'ADN semblables mais distinctes, signifie qu'une quantité phénoménale d'information peut être extraite des communautés microbiennes les plus complexes. Les méthodes biochimiques comprennent un ensemble plus varié de méthodologies. Ces techniques ont en commun une dépendance de la chromatographie en phase gazeuse et de la spectrométrie de masse afin de séparer et d'identifier précisément un éventail de biomolécules ou encore d'étudier les propriétés biochimiques de molécules biologiques cellulaires clés. Comme les méthodes de biologie moléculaire, certaines méthodes biochimiques telles que l'analyse des lipides sont également indépendantes de la culture. Toutefois, plusieurs de ces techniques ne sont capables de générer qu'un profil propre à la communauté microbienne en tant que telle, ne fournissant aucune information sur les membres individuels de la communauté. Une partie de ces méthodologies sont utilisées afin de générer des informations taxonomiques de l'échantillon d'une communauté; celles-ci dépendent de l'identification de sous-espèces clés de biomolécules divergeant légèrement mais spécifiquement entre les espèces, les genres et les groupements biologiques supérieurs. Toutefois, lorsque le consortium se développe déjà dans un milieu défini chimiquement (ce qui est souvent le cas avec les produits commerciaux), la rapidité et les coûts relativement bas de ces procédures peuvent tempérer les inquiétudes à propos des bais de culture. Les méthodes microbiologiques sont les plus variées et les moins utiles à la caractérisation des consortiums microbiens. Ces méthodes sont basées sur des outils traditionnels (compte cellulaire, croissance sélective et examen microscopique) afin de fournir des caractéristi-ques plutôt générales sur la communauté entière, ou encore afin de restreindre et d'identifier un petit sous-ensemble des membres de la communauté. Comme pour plusieurs des méthodes biochimiques, certaines des méthodes microbiologiques peuvent générer rapidement et à moindre coût un profil de communautés qui pourra être utilisé pour comparer 2 ou plusieurs consortiums entiers. Toutefois, dans le cas de l'identification taxonomique de membres individuels, les méthodes microbiologiques ne sont utiles que pour rechercher la présence de quelques espèces clés prédéterminées dont les conditions de croissance préférentielles et les caractéristiques morphologiques sont bien définies et reproductibles.
Introduction
A survey of the methodologies currently employed to characterize microbial consortia was performed. These can be broadly classified as nucleic acid-based, biochemical-based, and microbiological-based methods. The first group of techniques is the largest in scope and is based largely, but not exclusively, on taxonomic markers such as the genes encoding the 16S subunit of the ribosomal RNA. Since protein synthesis is a conserved function in all organisms, the ribosomal RNA sequence possesses nucleotide-sequence motifs that are conserved, and other parts of the molecule can vary considerably, which can be used in the phylogenetic classification of microorganisms. The many different techniques make use of these sequence variations and permit the characterization of complex microbial communities based on these differences. More recently, microarray-based techniques are being explored as tools to characterize whole microbial communities. Within the biochemical-based methods, DNA reassociation kinetics, separation of total DNA samples based on buoyant density differences associated with the A+T and G+C content, and total community DNA hybridization analysis, are frequently used for community characterization. In addition, assays that are based on metabolic activity or metabolite profiles, or differences in the lipid/phospholipid composition of the cells have been used to characterize microbial communities. The microbiological methods are very basic techniques compared with the currently emphasized molecular-based approaches, and they provide virtually no information on the specific phylogenetic groups in a complex microbial community.
The survey demonstrates that there is a strong leaning towards the nucleic acid-based methodologies since these are able to provide more definitive information on the microbial complexity of consortia or naturally occurring microbial communities. Among these nucleic acid-based methodologies, shotgun cloning of whole community DNA is at this time the most powerful technique and the most direct, requiring no additional manipulation of source materials. This stands in contrast to the most widely used classes of nucleic acidbased techniques, all of which require PCR amplification of source materials prior to analysis. It is clear from the volume of literature on these techniques and the variations that currently exist that there are more refinements required before cost-effective, reliable characterization of complex microbial mixtures can be routinely performed. A table summarizing all the methods discussed in this review is presented as an appendix to this article.
Molecular biological methods

PCR-based methods
The common element to all of these procedures is that they seek to separate PCR-amplified DNA from taxonomically differentiated genes in a community sample. This produces a variety of community profiles in which complex banding patterns of DNA fragments on a gel, commonly referred to as a "fingerprint", represent the diversity of polymorphic genes of interest, which in turn reflects the diversity of microbial species in the community.
Polymerase chain reaction
Polymerase chain reaction (PCR) provides a way to amplify nucleic acid sequences from whole-cell extracts or from total community DNA from an environmental sample. DNA is exposed to a thermostable polymerase and is subject to repetitive cycles of template strand denaturation, oligonucleotide primer annealing, and polymerization of the template-primer duplex. This process results in the exponential amplification of the template DNA.
PCR is the simplest and currently the most widely used method to obtain 16S rRNA genes for detailed characterization of microbial communities. It is the foundation upon which most genetic polymorphism-based techniques are based.
The key to PCR is the use of oligonucleotide primers designed to be complementary to the desired gene or genetic region. During PCR, double-stranded DNA is separated into single strands at high temperature, a process known as denaturation. Two oligonucleotide primers then anneal to complementary regions of the denatured DNA, which flank the desired sequence. Following this, a heat-stable DNA polymerase creates a new strand of DNA by extending the primer, using the complementary strand as a template. A new cycle begins as this new double-stranded molecule is denatured again. Multiple repetitions of this cycle lead to an exponential amplification of the target gene(s) or genetic region.
It is the specificity of the primers that allow PCR to amplify 16S sequences or other genes of interest, which can be in low abundance in complex mixtures of whole-cell extracts or complex environmental samples. PCR can amplify portions of desired genes, entire genes, or even entire gene clusters. It is a fast, easy, reliable, and cheap method to get scientifically sound results. PCR has played the central role in the growth of the Ribosomal Database Project (RDP), whose data set grows daily. Given the varying degrees of conservation of the 16S gene, PCR primers can be designed to target the DNA of specific organisms or groups of organisms with any desired degree of specificity.
For more details on PCR see Barns et al. (1994) ; Baskaran et al. (1996) ; Bottger (1990) ; Chandler et al. (1997) ; Farrelly et al. (1995) ; Ford et al. (1994) ; Kreader (1996) ; Laramee et al. (2000) ; Maiwald et al. (1994) ; McKeown (1994) ; Meyerhans et al. (1990) ; Liesack et al. (1991) ; Liesack and Stackebrandt (1992) ; Moré et al. (1994) ; Paabo et al. (1990) ; Paster et al. (1996) ; Porteous and Armstrong (1991) ; Reysenbach et al. (1992) ; Rheims et al. (1996) ; Rochelle et al. (1994) ; Schmidt et al. (1991) ; Schneegurt and Kulpa (1998) ; Shuldiner et al. (1989) ; Smalla et al. (1993) ; Stewart et al. (1995) ; Tebbe and Vahjen (1993) ; Tsai and Olson (1992) ; Volossiouk et al. (1995); von Wintzingerode et al. (1997) ; Wang and Wang (1996) .
Limitations of PCR
The starting point in the analysis of total community DNA from environmental samples is the efficient extraction of highly purified nucleic acids for subsequent procedures. Each physical, chemical, and biological step involved in the preparation and analysis of an environmental sample is a source of bias that might give a distorted view of a given ecological niche (von Wintzingerode et al. 1997) .
Handling and storage before freezing the samples being investigated can cause significant variations in the distribution of 16S rRNA genes (Rochelle et al. 1994) . Lysis of the microbial cells during DNA extraction represents a critical step in PCR-mediated approaches (von Wintzingerode et al. 1997) . It is often a question of whether there was sufficient or preferential disruption of cells. Rigorous conditions needed to lyse Gram-positive cells may cause excessive shearing of nucleic acids of the Gram-negative cells, potentially biasing the reported diversity of the sample as well as possibly creating artefacts and chimeric PCR products (Liesack et al. 1991) .
Once the nucleic acids are removed from the cell, compounds found within the environmental matrix are known to interfere with the analysis of the free DNA, and therefore can introduce bias into the analysis. Co-extracted components of soil, for example humic and fulvic acids, inhibit Taq polymerase and other modifying enzymes (Rheims et al. 1996; Tsai and Olson 1992; Smalla et al. 1993; Tebbe and Vahjen 1993; Porteous and Armstrong 1991) . Nevertheless, several DNA-extraction protocols have been designed to deal with this problem (Liesack and Stackebrandt 1992; Moré et al. 1994; Volossiouk et al. 1995; Tebbe and Vahjen 1993; Holben et al. 1988; Barns et al. 1994) . Although diluting out the sample to similarly dilute these undesired contaminants seems a viable option, it has been proposed that very low concentrations of DNA (4-10 pg) may generate random fluctuations in PCR products (Chandler et al. 1997) . To minimize loss of nucleic acids from small sample volumes, additives, such as bovine serum albumin (BSA) and T4 gene 32 (gp32), are used to reduce the inhibitory effect of contaminants (Kreader 1996; McKeown 1994) . Other researchers attempt to remove these inhibitory contaminants by the use of affinity-binding column purification, for example passing the extracted DNA through a polyvinylpolypyrrolidone (PVPP) matrix that selectively binds humic acids (Berthelet et al. 1996) . Consequently, PCR reactions are very sensitive to reaction conditions and thus do not always give quantitatively identical results (Schneegurt and Kulpa 1998) .
Once the inhibitory compounds have been removed from the community DNA, the genetic differences and diversity must then be taken into account. Both genome size and copy number differ from one organism to the next, and these properties are unknown in the unculturable fraction of the community. Since both of these variables can alter the number of 16S genes present in a single organism, it has been concluded that the PCR amplification of 16S rRNA genes from a complex microbial community may not give an accurate quantification of the consortium (Farrelly et al. 1995) . This is a factor that must be considered when using methods such as terminal-restriction fragment length polymorphism (T-RFLP), which generate quantitative data.
An important procedural detail involves choosing the proper primers for the target DNA sequences of interest. When amplifying 16S rDNA templates, primers must have uniform hybridization efficiency to guarantee the amplification of all target 16S rDNAs (Zheng et al. 1996; Paster et al. 1996) . It is strongly recommended that the RDP website computer algorithm be used to aid in choosing the proper primer set for the sample in question.
After the proper primers are chosen, consideration must be given to the possible nucleotide composition of an unknown consortium. The varying %G+C content of template DNA is suspected of causing differential amplification during the denaturation step of the PCR reaction. For this reason, several authors have proposed modifications to the standard protocols to avoid this bias (Reysenbach et al. 1992; Baskaran et al. 1996) . In addition to biases at the nucleotide level, sequences can be less available for primer annealing due to selective priming or the formation of higher-order structures such as hairpin loops. This could result in enormous differences in amplification once subjected to multiple cycles of PCR.
In contrast, very similar nucleic acid sequences can also affect amplification of total community DNA. Chimeric sequences, the result of heterologous combination of 2 non-identical but similar strands of DNA, do not generally exist in the sample being investigated, but can be formed at frequencies of several percent during PCR (Liesack et al. 1991) . The resultant PCR artefacts can affect subsequent analyses by suggesting the existence of novel taxa from these hybrid sequences. The binding of heterologous DNA into chimeric structures has also been shown to compete with the binding of specific primers during the annealing step (Shuldiner et al. 1989; Meyerhans et al. 1990; Wang and Wang 1996; Ford et al. 1994) . As well, DNA damage, such as that caused by mechanical and chemical shearing, has been suggested to contribute to the formation of chimeric DNA during PCR (Paabo et al. 1990) .
Another pitfall of PCR is the production of minute errors by Taq polymerase, which lacks the ability to proofread (Ford et al. 1994; Stewart et al. 1995) . However, this is only a potential problem when sequencing the resulting PCR products.
A key limitation is contaminating DNA introduced by unintentional tube-to-tube contamination or contaminated reagents (Bottger 1990; Schmidt et al. 1991; Maiwald et al. 1994) . For this reason, false-positive signals and falsenegative amplifications are not uncommon due to the extreme sensitivity of the PCR reaction and the ubiquity of 16S genes in all biological contaminants. Fortunately, this problem can be avoided simply by using good laboratory techniques.
Ribosomal DNA and other taxonomically differentiated genes
The diversity of microbes present in artificial and natural environments has been historically difficult to identify. Classical approaches, which rely on culture-based techniques, recover a minor fraction of the microorganisms in the environment. Current estimates place the number of unculturable microbes at approximately 99% (Amann et al. 1995) , although some investigators have reported a recovery of up to 4% of total microbes (Olsen and Bakken 1987) . Also, the process of cultivating bacteria, which is improving through the development of new methodologies, is timely, costly, and gives limited insight on the spatial distribution of microorganisms.
The central model for molecular evolution is one of random evolutionary change and was introduced in the form of the molecular clock, which requires a constant rate of change in the sequence of a common biopolymer, a "molecular chronometer" (Woese 1987) . A useful chronometer must display molecular clock-like behaviour, the rates of change must coincide with evolution and must be large enough size to provide adequate amounts of information (Woese 1987) . There has been phylogenetic identification using the proteins ATPase, DNA gyrase, protein elongation factors, and cytochromes (Goodfellow and O'Donnell 1993; Jones and Krieg 1984) . However, comparative sequencing of rRNA has had the most prevailing application and has provided the first consistent taxonomic description of microorganisms. Consequently, rRNA has become the most commonly used measure of microbial diversity (Stahl and Amann 1991; Stahl 1997; Pace et al. 1986; Pace 1997) .
Three types of rRNA are found in the ribosomes of prokaryotes and eukaryotes: the 16S, 23S, and 5S rRNAs in prokaryotes and the 18S, 28S, and 5.8S analogues in eukaryotes. Since the larger rRNAs of many eukaryotes and some prokaryotes differ significantly in size, the terms small-subunit (SSU) and large-subunit (LSU) rRNA are used to refer to the 16S (18S) and 23S (28S) rRNAs, respectively. What makes rRNAs excellent molecular chronometers are the attributes they possess. Namely, rRNA coding sequences are among the most highly conserved, are present in high copy numbers in the cell, are ubiquitous, and are absolutely essential to all cellular functions (Woese 1987) . Also, rRNA is composed of so-called signature sequence motifs within which sequence variation differs with respect to phylogenetic distance. Moreover, conserved regions mutate very slowly, allowing the inference of relationships among members of the 3 domains (Bacteria, Eucarya, and Archea) (Woese 1987) , whereas the most variable regions can allow discrimination at the genus, species levels (Giovannoni et al. 1988; von Wintzingerode et al. 1997) .
Initially, the analysis of microbial diversity relied on direct extraction, purification, and sequencing of 5S rRNA molecules from environmental samples (Lane et al. 1985; Stahl et al. 1984 Stahl et al. , 1985 . Even though these studies offered new insights, the information content of the 120-nucleotide 5S rRNA is quite small, and its low number of independently varying nucleotide positions limits its usefulness in the study of distant phylogenetic relationships . By contrast, the 16S rRNA (SSU) possesses approximately 1500 nucleotides, large enough to be useful for phylogenetic inference. Though the 23S contains about twice as much information as the 16S and should provide more possibilities to pinpoint phylogeny, it is the SSU that has become the established phylogenetic reference because of its ease to sequence. There are 155 708 sequences (17 June 2005 with over 19 353 new sequences in the previous 8 weeks) in the Ribosomal Database Project (Michigan State University 2005), as well as other databases for LSU and 5S rRNA sequences. It should be mentioned that culturable microorganisms play a vital role in the taxonomic identification of the uncultured majority via phylogenetic marker genes. Cultivated strains with known properties serve as fixed reference points in molecular taxonomic databases, providing a functional context in which to place similar sequences cloned from uncultured organisms. Thus, continued efforts to cultivate as-yet-uncultured microorganisms are necessary to expand the power of molecular taxonomic identification.
Primers or probes can be designed with any degree of specificity for groups, ranging from all domains (Ward et al. 1992 ) to a single domain (Battin et al. 2001; Fry et al. 1997) , to various subgroups all the way down to the species and subspecies level (Chow et al. 2002; Fernandez et al. 2000; Kämpfer et al. 1996; Ahn et al. 2002; Huang et al. 2002) , provided that sequence information exists from which to design the primers.
While the principal phylogenetic marker is the SSU rRNA, it has at times been shown to have insufficient resolving power between closely related strains (Fox et al. 1992; Hill et al. 2004) , species (Hill et al. 2004) , and even at the genus level (Forney et al. 2004) . Alternative phylogeny markers to the 16S rRNA are still presently used, such as the intergenic region between 16S and 23S (Alain et al. 2002; Coppola et al. 2001; Ludvigsen et al. 1999; Ranjard et al. 2000a Ranjard et al. , 2000c Ranjard et al. , 2000d , the coding sequence of the eubacterial chaperone protein chaperonin 60 (cpn 60) Goh et al. 2000; Hill et al. 2002) , RNA polymerase β-subunit (rpoB) (Maiden et al. 1998; Dahllöf et al. 2000) , and the DNA gyrase B protein (gyrB) coding for topoisomerase II (Kasai et al. 1998) . Such alternative techniques have been used to successfully discriminate at the species and even subspecies level where 16S rRNA lacked resolving power. For example, authors have demonstrated that there is more phylogenetic information in the protein-encoding cpn60 sequence relative to the structural RNA-encoding 16S rRNA gene Hill et al. 2004) . The databases for these non-rRNA genes are very limited at the moment, yet are continuing to grow.
Amplified ribosomal DNA restriction analysis
Amplified ribosomal DNA restriction analysis (ARDRA) is a simple procedure in which a standard restriction digestion analysis is performed on PCR-amplified rDNA. This method is also known as RFLP (restriction fragment length polymorphism).
In this method, PCR amplification of rDNA genes (16S, 23S, etc.) is first performed on a community sample. Following this, various restriction enzymes or combinations thereof are used to digest the amplified community DNA. The operating principle of this method is that divergences in the rDNA gene sequences of different species will create differences in restriction sites for various enzymes. If the correct restriction enzymes are used, what should emerge is a unique fingerprint for each species or strain (Vaneechoutte et al. 1992 ).
This digested DNA is run on a gel, producing a pattern of fragment sizes that is characteristic of the community. For single isolates or clones, the digests can be run on regular agarose. However in studies of complex communities, the large number of DNA fragments produced by this method can only be resolved using polyacrylamide gels.
For procedural details, see references Alain et al. (2002); Chèneby et al. (2000) ; Cho and Kim (2000) ; Cooney et al. (2002); Fernandez et al. (2000) ; Huang et al. (2002) ; Lee et al. (2002) ; Nusslein and Tiedje (1998) ; Reed et al. (2002) ; Tiirola et al. (2002) ; Vaneechoutte et al. (1992) ; Watts et al. (2001) ; Weidner et al. (1996) .
Limitations, advantages, and complementarity
The main theoretical limitation of ARDRA is that when used alone in community analysis, it can only produce a fingerprint. It does not allow for the detection or identification of specific phylogenetic groups within a community profile. However, this limitation can be overcome by complementation of this technique with probe hybridization. The bands from an ARDRA gel can be transferred to a membrane and probed for the presence of specific sequences (Lovell and Hui 1991) . This type of complementarity with oligonucleotide probe hybridization is common to all of the polymorphism-based genetic fingerprinting techniques discussed in this section (see probe hybridization section).
A technical limitation of ARDRA is that each experiment requires optimization before it can be properly performed. Not all restriction enzymes will serve equally well in this analysis; if a restriction site occurs mainly within highly conserved regions of the ribosomal genes, then many of the fragments produced from different species can be difficult to distinguish from one another. Thus, several preliminary digestions must be run and the results visualized to select a group of restriction enzymes that will provide the highest resolution of fragments into clearly differentiated types (Ranjard et al. 2000d) .
Notwithstanding some of the limitations discussed above, the main advantage of ARDRA is that this method separates rDNA genes based on differences in both size and sequence, in a manner that is both rapid and cost-effective, using reagents and equipment that are standard to most labs equipped for molecular biology.
In a sizeable fraction of the literature cited, ARDRA was not performed directly on PCR-amplified community DNA, but rather on clones from a library of PCR-amplified DNA (for example, Chèneby et al. 2000; Cho and Kim 2000; Huang et al. 2002) . In these types of experiments, ARDRA is used to identify major groupings of species from among the clones by patterns of similarity in their restriction fragments. Sequencing is then done on representative clones from each ARDRA-defined group. In this way, ARDRA is used as a shortcut to minimize sequencing of clone libraries.
Note: if sequences other than rDNA genes are amplified for this procedure, then the method is simply referred to as RFLP (restriction fragment length polymorphism).
Denaturing gradient gel electrophoresis
Denaturing gradient gel electrophoresis (DGGE) is a method that separates PCR-amplified rDNA according to differences in sequence G-C content, based on differential mobility through a DNA-denaturing gel.
In this method, PCR-amplified DNA from taxonomically differentiated genes is run on a special polyacrylamide gel, which has embedded a gradient of DNA-denaturing compounds, usually urea and formamide. As DNA passes through a concentration gradient (i.e., from low to high) of denaturant, it comes under increasing pressure to separate into single strands. The DNA is unable to denature completely because of the presence of a GC clamp, which is included in one of the primers for the PCR reaction. It does, however, become increasingly denatured as it passes through the gel, which decreases its mobility. The DNA comes to rest when it is almost fully denatured. The position along the gradient at which this occurs is determined primarily by the relative proportions of G+C and A+T in a given amplicon, since G-C bonds are more difficult to denature than A-T bonds. Thus, differences in sequence between amplicons that result in differences in G-C content will cause DNA to migrate to different positions in the gel. Properly calibrated, DGGE is sensitive enough to detect even single base-pair differences between amplicons (Miller et al. 1999) .
DGGE is perhaps the most commonly used method of community characterization in the literature, appearing in roughly 15% of the articles surveyed. In a manner similar to the other PCR-based genetic fingerprinting techniques reviewed here, community samples for DGGE were prepared directly from PCR-amplified environmental DNA (Ahn et al. 2002; Ibekwe et al. 2002) , from clone libraries constructed from PCR-amplified environmental samples (Liu et al. 2002) , or from colonies obtained from enrichment cultures (Bonin et al. 2002) , though the former source was more common.
For procedural details, see references Bonin et al. (2002) ; Coppola et al. (2001) ; Duineveld et al. (1998); Heuer et al. (1997) ; Kowalchuk et al. (1997) ; Muylaert et al. (2002) ; Muyzer et al. (1993) ; Röling et al. (2000) ; Stephen et al. (1999) .
Limitations, advantages, and complementarity
There are a few problems associated with DGGE that are a product of the specialized electrophoretic system needed for this method and the potential number of bands that can be produced from complex environmental samples. First, before a community sample can be properly subjected to DGGE analysis, careful calibration must be done to ensure the optimal gradient and electrophoretic duration (Muyzer et al. 1993; Muyzer and Smalla 1998) . Second, a DGGE experiment is limited to DNA fragments typically below 500 bp in size (Myers et al. 1985a (Myers et al. , 1985b . Since a common complementary technique involves isolating bands from DGGE for sequencing (for taxonomic identification of bands of interest), this size limit restricts the amount of sequence available for identification or for oligonucleotide probe design (Muyzer and Smalla 1998) . Third, DGGE requires rather large quantities of DNA for effective resolution, often in the order of 500 ng of PCR product for complex environmental samples (Nakagawa and Fukui 2002) .
DGGE appears in the literature as a useful method for visualizing the major members of a microbial community, but there are certain limitations in this regard. The brightest bands in a DGGE profile are often assumed to represent the dominant members of the community (Forney et al. 2004 ). However, the biases associated with PCR could cause relative under-or over-representation of a given taxon in the DGGE profile. Consequently, quantitative inferences about species richness must be confined to general statements about species predominance (for example, Bonin et al. 2002; Nakagawa and Fukui 2002; Stephen et al. 1999) . On the other end of the spectrum of abundance, the limit of resolution of this method seems to be about 1% of the community population, that is, only DNA from organisms comprising 1% or more of the community sample can be visualized (Muyzer et al. 1993; Murray et al. 1998 ). In addition, this method can be difficult to apply to extremely complex communities that produce hundreds of bands on a DGGE profile, which become difficult to visualize individually.
As with all PCR-based rDNA fingerprinting methods discussed in this study, some ambiguity exists in associating a single band in the community DGGE profile with a single microbial species. There always exists the possibility that multiple amplicons co-migrate to the same location in the gel (Nübel et al. 1997) , though with DGGE this is less of a problem, due to its sequence-based separation and fine resolution. However, the opposite problem of multiple bands for a single species, due to the existence of multiple copies of rRNA genes in a single organism, introduces an unavoidable element of ambiguity in DGGE and other methods alike (Nübel et al. 1997) .
DGGE analysis of microbial communities produces a complex profile, which can be quite sensitive to spatial and temporal sampling variations (for example, Murray et al. 1998) . The classic means of analyzing this variability has been visual, reporting differences between samples in band intensity or the presence or absence of specific bands. However, a recent study suggests that the results of denaturing gradient methods such as DGGE and temperature gradient gel electrophoresis (TGGE) are readily amenable to statistical analysis, provided there is sufficient standardization of analytical procedures (Fromin et al. 2002) . This could provide not only statistical validation of observational conclusions, but also allow researchers to approach questions of causality by testing the correlation of DGGE/TGGE profiles with environmental variables.
Temperature gradient gel electrophoresis
There exists a variant of DGGE called temperature gradient gel electrophoresis (TGGE). TGGE operates on the same principles as DGGE, provides approximately the same degree of specificity, and possesses the same advantages and limitations. The only difference is that TGGE employs a gradient based on temperature (which also denatures DNA differentially depending on G-C content), rather than a gradient based on chemical denaturants. For procedural details, see references Riesner et al. (1991) ; Rosenbaum and Riesner (1987) ; Heuer et al. (1997) ; Miethling et al. (2000) ; Felske et al. (1998a Felske et al. ( , 1998b ; Smit et al. (1999) ; Eichner et al. (1999) .
Terminal-restriction fragment length polymorphism
Terminal-restriction fragment length polymorphism (T-RFLP) is a modified form of ARDRA that uses fluorescent PCR primers and automated scanners to quantitatively visualize a simplified community restriction pattern.
This method is an extension and derivation of ARDRA, which operates on many of the same theoretical principles, but produces patterns that are both simpler and more precise. PCR is first performed on a community sample to amplify rDNA genes, except that one of the primers is labeled with a fluorescent dye. As a result, restriction digestion and gel electrophoresis will always produce a single fragment that is fluorescently labeled (the terminal fragment). Digital detection equipment, usually an automated DNA sequencer, is then used to read both the size and the intensity of terminally labeled restriction fragments (T-RF), creating a characteristic digital profile. In such a profile, size is represented on the horizontal axis and intensity (a measure of the abundance of a given fragment size) is represented on the vertical axis (for example, Liu et al. 1997) . The resulting community profile is thus a composite of these 2 factors. This method is useful both for creating a community fingerprint that can be compared with other communities and for estimating species richness and diversity within a single community.
In theory, each T-RF can represent a single species, referred to in this context as a "ribotype". Since extensive databases exist for rDNA sequences (especially 16S), these databases can be used to identify all T-RFs predicted from all known sequences, for a given set of PCR primers and restriction enzymes (Derakshani et al. 2001; Maidak et al. 1999; . T-RF lengths are predicted by finding the restriction site closest to the labeled primer recognition site and counting the number of nucleotides between them. This allows for the potential taxonomic identification of a particular ribotype from a community sample. Urakawa et al. (2000) .
Limitations, advantages, and complementarity
T-RFLP shares certain considerations with ARDRA, specifically concerning the selection of restriction endonucleases (see above section on ADRDA for technical considerations). Though care must be taken to select restriction enzymes that produce a broad community pattern, it is perhaps unavoidable that some restriction sites may still fall in more conserved regions of the ribosomal genes. Because of this, the actual limit of taxonomic resolution is often reduced from the level of species (with unique restriction sites) to that of higher-level groups (Marsh 1999) . A more broad limitation arises from the state of the databases that are used for phylogenetic T-RFLP analysis. At the moment, the Ribosomal Database Project only provides T-RFLP analysis services for small-subunit sequences in prokaryotes (i.e., mainly the 16S gene), despite the availability of much broader sequence information (Michigan State University 2004) .
Although T-RFLP can provide a good view of the most abundant strains or species in the community (depending on the specificity of the database), the results are typically limited to only the 50 or so most abundant organisms (Sakano and Kerkhof 1998 ). Experimental results suggest a limit of sensitivity for T-RFLP of approximately 0.5%, that is to say, that T-RFLP can identify a member of the community which accounts for about 0.5% of the total rDNA amplified (Liu et al. 1997) . As with other PCR-based assays, this method thus underrepresents the diversity of the bacterial community.
As a method of community characterization, T-RFLP contains a greater element of quantification than other molecular methods. However, as previously mentioned, biases of PCR introduce an element of uncertainty into any quantification. Practitioners of T-RFLP are often careful to refer not to species abundance, but to T-RF abundance or peak height and are careful to remind readers of potential bias (Osborn et al. 2000; Urakawa et al. 2000; Richardson et al. 2002; Dunbar et al. 2000) . Furthermore, there is some evidence that T-RFLP cannot effectively determine phylotype richness in extremely complex communities, although its applicability in this regard to simple communities is more accepted (Dunbar et al. 2000) .
However, compared with most other PCR-based genetic fingerprinting techniques, T-RFLP possesses several clear advantages. The requisite use of automated detection equipment provides high-throughput capacity, immediate analysis, and requires only small amounts of sample. The digital output produced removes an element of human error from the process of analysis, allowing for higher sensitivity to small changes in community profile between samples. As well, this equipment provides a measure of quantitative analysis with a relative ease not possible with non-automated methods. Though automated DNA sequencing equipment can be costly, many molecular biology labs nevertheless have access to this technology, as it is commonly used in many other experiments.
T-RFLP can be combined with clone library technology as an alternate way to obtain sequence information about particular peaks (major T-RFs) in a community profile (Phelps et al. 1998; Richardson et al. 2002; Derakshani et al. 2001) . Clone libraries are constructed from PCR amplicons produced by the same primers used in T-RFLP, though without the fluorescent label. The T-RFLP peaks corresponding to individual clones can then be compared with the overall community profile, allowing for the identification of clones of interest, to be used for further analysis.
Length heterogeneity polymerase chain reaction
Length heterogeneity polymerase chain reaction (LH-PCR) is an automated, fluorescence-based assay that separates PCR-amplified, undigested community rDNA on the basis of size. This method is sometimes referred to as amplicon length heterogeneity (ALH).
LH-PCR is highly similar to T-RFLP. In both LH-PCR and T-RFLP, the proportions of PCR amplicons originating from different genes are estimated from the fluorescence emission of labeled PCR primers. However, instead of identifying PCR amplicons based on restriction endonuclease sites, in LH-PCR the discrimination of amplicons is based on natural variation in the length of the 5′ domain of the amplified 16S rDNA .
For procedural details, see references Bernhard and Field. (2000) ; Rappé et al. (1998) 
Limitations, advantages, and complementarity
As with T-RFLP, and indeed all other PCR-based genetic fingerprinting assays, LH-PCR can produce different amplicons with overlapping sizes, making them indistinguishable on a gel. However, with LH-PCR these problems are magnified since size is the only determining factor, unlike restriction-based assays (ARDRA and T-RFLP) or sequence-dependent denaturation gradient assays (DGGE and TGGE). As well, LH-PCR is subject to inaccuracies in peak detection due to the relatively large fluorescent fragments produced ); a technical limitation avoided by T-RFLP, which produces only small terminal fragments. LH-PCR suffers from these limitations in exchange for the great simplicity and speed of the assay.
Ribosomal intergenic spacer analysis
Ribosomal intergenic spacer analysis (RISA) is a PCRbased technique that amplifies the prokaryotic ribosomal intergenic region, creating a community profile based on the species-specific length polymorphisms in this region.
The basis of the genetic fingerprint obtained from community samples via this method is the natural variability in the prokaryotic ribosomal intergenic spacer (IGS) region of the rRNA operon rrl. This genetic region, flanked by the genes for 16S rRNA and 23S rRNA, varies in length between species from 50 bp to 1500 bp (Ranjard et al. 2001) . As well, this region possesses a high degree of sequence variability. This 2-fold variability allows for more detailed taxonomic identification of individual PCR amplicons than can be attained by methods such as ARDRA or DGGE, which depend on more conserved regions of the rrl operon (Normand et al. 1996) Thus, RISA can be used to distinguish between different strains and closely-related species, where 16S and other rDNA-based analyses fail to do so (Nagpal et al. 1998; Baruzzi et al. 2000; Garcìa-Martínez et al. 2001) .
For procedural details, see references Baruzzi et al. (2000) ; Ranjard et al. (2000a Ranjard et al. ( , 2000b Ranjard et al. ( , 2000c ; ; .
Limitations, advantages, and complementarity
Similar to other PCR-based techniques in this section, RISA analysis on its own can produce nothing more than a community fingerprint (Ranjard et al. 2000d ). However, gel bands on a RISA profile, as in other fingerprinting techniques, can be isolated and sequenced. A sequence database exists for ribosomal intergenic spacers, and so theoretically the bands sequenced in this manner can be taxonomically identified. However, the IGS database is not as large or comprehensive as other ribosomal databases: as of March 18, 2003, the IGS database contained 2614 entries (Garcìa-Martínez et al. 2001) . This is to be contrasted with the 16S database, which on the same date contained 64 697 entries. Therefore, species identification from RISA bands is much less likely than with other methods that use 16S rDNA.
Other potential problems with RISA arise from PCR biases that may disproportionately affect RISA, compared with other fingerprinting methods. The preferential amplification of shorter sequences is of particular concern, since IGS amplicons cover such a broad range of sizes (Fisher and Triplett 1999) . Biases imposed by secondary structures in the rDNA genes flanking the amplified region may also pose a problem.
The main advantage of RISA is its rapidity and simplicity compared with other rDNA fingerprinting methods. It requires no denaturing gradients or long electrophoresis times and no restriction digestion or the associated optimization procedures. RISA also lends itself easily to rapid, highthroughput automated analysis. An automated variant of RISA (ARISA) has recently been developed (Ranjard et al. 2001; Fisher and Triplett 1999) . Like T-RFLP and LH-PCR, ARISA involves the use of universal, fluorescence-labeled PCR primers, resolved on polyacrylamide gels using an automated DNA sequencer with laser detection. The profile created is also similar to these other methods of band size vs. signal intensity. ARISA has been shown to produce profiles of such specificity that they can readily be used to differentiate communities from different plots within a single sampling site (Ranjard et al. 2001 ).
Single-strand conformation polymorphism
Single-strand conformation polymorphism (SSCP) is a method that separates single-stranded DNA from PCRamplified ribosomal genes on the basis of variations in their 3D structure, which occur as a result of variations in their sequence.
Single-stranded DNA assumes various folded structures under non-denaturing conditions, the shapes of which are determined by intramolecular interactions based on nucleotide sequence. The motility of DNA in a gel matrix is partially determined by its shape. For DNAs of similar length but divergent sequence, single-strand conformation thus becomes a means of separating them on a gel. SSCP was originally developed to detect polymorphisms and mutations in human genes (Orita et al. 1989) , and the primary use of this method continues to be in this type of analysis. However, since taxonomically conserved genes such as prokaryotic 16S rDNA are fairly well conserved in size, this method has been applied to community studies.
Genes of interest are amplified by PCR to produce double-stranded amplicons. These strands are either subjected to heat or chemical denaturation (Lee et al. 1996; Sheffield et al. 1993) , although more recently lambda exonucleases have been used to generate single-stranded DNA from double stranded PCR fragments, in the 5′-3′ direction, by catalyzing the removal of 5′ mononucleotides from the duplex DNA. The 5′-phosphate group is introduced into the PCR product by using one phosphorylated primer and one dephosphorylated primer during PCR amplification. These amplicons are then subjected to exonuclease digestion to create single-stranded DNA, which is then run on a gel to separate the fragments. For complex samples, polyacrylamide is used, since it can provide resolution at the single-base level (Sheffield et al. 1993) .
For procedural details, see references Fry et al. (1997) ; Lee et al. (1996) ; Peters et al. (2000) ; Schmalenberger and Tebbe (2003) ; Schwieger and Tebbe (1998) .
Limitations, advantages, and complementarity
A major limitation associated with SSCP is the high rate of re-annealing of DNA strands after initial denaturation, which leads to the formation of heteroduplexes and more than one band (Lee et al. 1996; Schwieger and Tebbe 1998) . Authors have claimed to have circumvented this problem by using a combination of lambda exonucleases to remove one strand of the PCR product and use of a non-denaturing gel (Schweiger and Tebbe 1998) .
Experimental evidence suggests that SSCP will produce a visible band for members of a community that comprise no lower than 1.5% of the total extracted DNA (Lee et al. 1996) . This is consistent with the limits of detection of other PCR-based methods described in this review. However, the sensitivity of SSCP can be further affected by factors such as gel matrix pore size, degree of cross-linking, temperature, DNA fragment size, and sequence content (Lee et al. 1996; Schwieger and Tebbe 1998) . Also similar to other PCRbased methods, there exists the possibility with SSCP that a single band on a gel represents more than one DNA sequence. Moreover, it has been demonstrated that the type of stain used, the electrophoretic conditions, and the presence of several sequences in a single SSCP band affect the utility of this technique in complex communities (Schmalenberger and Tebbe 2003) .
A problem more specific to SSCP arises from the nature of rRNA sequences. rRNA molecules possess highly stable secondary structures, the range of possible variations in conformation in these molecules is effectively restricted to the variable regions dispersed therein (Lee et al. 1996) . This requires that SSCP assays be tuned to the greatest possible specificity, since actual variations in physical structures between related molecules can be very small. SSCP also possesses several advantages over DGGE and TGGE, which also separate DNA based on sequence. For one thing, SSCP is a much simpler procedure: no GC clamp is necessary and no gradient gels need to be constructed (Peters et al. 2000) . Another advantage over these methods is that larger gels can easily be constructed and can be applied to increase migration distances, thereby increasing the degree of separation between closely related fragments (Schwieger and Tebbe 1998) .
Like RISA, SSCP lends itself fairly easily to automation (Zumstein et al. 2000) , by very similar methods of PCR amplification using a fluorescent primer, followed by normal SSCP, resolved on an automated DNA sequencer with laser detection. As with other automated fluorescence-labeled methods, automated SSCP provides high resolution and confident peak assignment.
Since no database exists for SSCP bands, the only way to get phylogenetic information is to use other methods in conjunction with SSCP. Otherwise, the results of SSCP profiles are only meaningful relative to other SSCP profiles (for community comparison) or in relation to SSCP bands of cultured reference isolates. Thus, SSCP can be used in complementarity with clone libraries; individual bands of interest can be excised from the SSCP gel, re-amplified by PCR to produce double-stranded DNA, then cloned and sequenced (Peters et al. 2000; Schmalenberger and Tebbe 2003) . Complementarity also exists with probe hybridization methods. As with other gel-based community DNA profiles, SSCP fragments can be transferred onto membranes and hybridized with probes for specific sequences (Schmalenberger and Tebbe 2003) .
Sequencing of cultured isolates
Sequencing for the purposes of community analysis involves obtaining sequence information directly from PCRamplified DNA extracted from cultured isolates.
For consortia composed completely of culturable strains, identification of each member of the consortium by direct sequencing of taxonomic genes represents a much faster and more direct method of community characterization. The process is fairly straightforward; DNA is extracted from cultured isolates and taxonomically differentiated genes (usually 16S/18S) are amplified by PCR. Amplicons are sequenced by a variety of commercially available methods, such as ABI PRISM BigDye Terminator Cycle Sequencing Kits (Baruzzi et al. 2000; Rebecchi et al. 1998) , and sequences are analyzed using a variety of commercially available automated systems. Taxonomic identification comes from a comparison with the available sequence databases.
For procedural details, see references Baruzzi et al. (2000) ; Böckelmann et al. (2000) ; Rebecchi et al. (1998) ; Sait et al. (2002) .
Limitations, advantages, and complementarity
Full characterization of a naturally occurring consortium by sequencing the PCR-amplified DNA of cultured isolates is impossible, since unculturable organisms form the vast majority of all natural microbial ecosystems on the planet (Amann et al. 1995) . Therefore, this method can only apply fully to artificial consortia in which every member is culturable. Otherwise, this method is only useful for the identification of the small minority of microbial species in a natural consortium that are culturable.
Manual sequencing is a very time-consuming process, all the more so if multiple sequences are being analyzed (as is the case in community analysis). In the present survey, this method does not appear in any of the literature examined. Automated sequencing, on the other hand, is much less labour-intensive. Although the equipment required is quite expensive, DNA sequencing systems are increasingly common in modern molecular biology labs, and the services can be easily and inexpensively obtained from commercial enterprises.
On their own, the results of direct sequencing can offer no further information about species abundance, change over time, spatial distribution, etc. The only information provided is the presence or absence of a given sequence. As a means of characterizing a complex community, this can rapidly become cumbersome. In these types of communities, direct sequencing is best suited as a complementary method. It is only when dealing with much smaller communities that this method is of practical use.
Randomly amplified polymorphic DNA
Randomly amplified polymorphic DNA (RAPD) is a sequence-independent PCR-based method that can be used to create a community profile based on its ability to generate a unique set of amplicons for each genome present in the sample.
The basis of this method is the use of a single random PCR primer. Since the primer is short, usually about 10 nt (Williams et al. 1990 ), it will anneal to multiple sites throughout a single target DNA (i.e., a single microbial ge-nome). Amplification will only occur when 2 primers anneal close enough to one another, in the proper "forward" and "reverse" orientations necessary for the chain reaction to occur. Since random primers bind different genomic DNA templates at different positions, each genome will produce a different set of amplicons, usually about 5 to 15 per species (Franklin et al. 1999) . Though this method is usually used to differentiate between closely related species (Yost and Nattress 2002) or to characterize a small set of cultured isolates (Morea et al. 1998; Tripathi et al. 2002) , it has been found to be applicable to community characterization as well (Franklin et al. 1999) .
For procedural details, see references Baruzzi et al. (2000) ; Cocconcelli et al. (1995) ; Corroler et al. (1998); Franklin et al. (1999) ; Morea et al. (1998) , (1999); Rebecchi et al. (1998) ; Tripathi et al. (2002) ; Williams et al. (1990) ; Yost and Nattress (2002) .
Limitations, advantages, and complementarity
As with the polymorphism-based fingerprinting methods discussed above, a RAPD community profile on its own provides no information about the composition of the community. Unlike those methods, RAPD cannot be complemented by other methods such as probe hybridization or sequencing of excised bands, since no taxonomically differentiated genes are involved. This limits the applicability of RAPD to providing a community profile that is specific only to the random primer used. If the purpose of the experiment is to compare different communities or to monitor changes over time in a single community, this method is fairly well-suited. However, research has documented that the choice of thermal cyclers, DNA polymerases, and other reaction parameters can produce artefactual variation in banding patterns, suggesting changes in community composition where none may exist (Meunier and Grimont 1993; Ellsworth et al. 1993 ). An additional consideration in this respect is the fact that each species can yield up to 15 RAPD amplicons. For complex communities, this could produce a profile that is dense and difficult to read; comparison of complex communities may thus become and unwieldy undertaking.
RAPD possesses several advantages, the central ones being the rapidity, ease, and low cost of designing and conducting this type of experiment. No sequence information is required, since the primer(s) used are random. The costs in both time and resources are in the simplest case those of a single PCR reaction. However, for a statistically viable comparison, multiple random primers must be used in multiple PCR reactions to ensure coverage of a larger region of the target DNA, even for the comparison of single isolates. This can entail the use of up to 15 separate primers (Xia et al. 1995) . Still, this kind of statistical power is much more accessible in RAPD than in many other more lengthy and costly procedures. Finally, this method greatly reduces the amount of environmental sample needed, owing to the very small quantities of DNA required. This potentially allows for a much finer detailed analysis of spatial variation in community structure than many other methods in this review (Franklin et al. 1999) .
Functional PCR
Catabolic genes offer an alternative to the use of traditional taxonomically differentiated genes in many of the nucleic-acid-based methods discussed above. They can also be used to extend community characterization beyond taxonomy, to include functional abilities.
Genes whose products are involved in various metabolic or other functional processes are sometimes referred to as catabolic genes. There are 2 uses for the PCR amplification of catabolic genes in the literature. First, they can be used much like traditional taxonomically differentiated genes, for the taxonomic identification of the subset of a microbial population, based on sequence variation in a shared catabolic gene. Examples in the literature include the amoA (Sakano and Kerkhof 1998) and nifH (Olsen et al. 1998) genes. This type of analysis takes a form very similar to PCR-based assays of polymorphisms in rRNA genes; methods such as DGGE, RFLP, SSCP etc. can all be applied in exactly the same way. The only difference in this case is the genes being amplified.
Second, PCR amplification of catabolic genes can be used as an indirect assay for the presence of catabolic abilities in a community, based on the presence or absence of various catabolic genes in total community DNA (Hosein et al. 1997; Milcic-Terzic et al. 2001) . This type of analysis is extremely simple and straightforward; isolate community DNA, and then perform PCR using primers for the catabolic gene of interest. The results of this kind of assay are binary, indicating either the presence or absence of the gene of interest. Testing for the presence of catabolic genes known to be expressed in particular species can also serve as an assay for the presence of those species (Pacheo-Oliver et al. 2002) .
Direct cloning and sequencing
Direct cloning or "shotgun cloning" is the most direct approach to community characterization, since total community DNA is cloned without prior amplification by PCR. Clones bearing taxonomically differentiated genes can be identified by PCR to be sequenced selectively. Alternately, cloned DNA can be sequenced in toto, and genes of interest identified by electronic search. This method is currently the best available, providing the most detailed results with minimum bias.
Shotgun cloning is the process by which total community DNA is extracted from a sample, fragmented to reduce the size and the fragments are ligated into cloning vectors. Each cloning vector, and the fragment of community DNA it carries, is then amplified separately by growth in a bacterial host. At this point, there are 2 quite different ways to proceed to obtain taxonomically identifiable sequences. The first strategy is to narrow the field of clones to be sequenced to those bearing taxonomically differentiable sequences. This is done via PCR, using the clones as templates. Clones bearing taxonomic marker genes can thus be identified by a positive PCR result, allowing these clones to be singled out for sequencing. While it is theoretically possible to perform PCR reactions on every clone individually, this is generally too cumbersome a process when libraries often number clones in the tens and even hundreds of thousands. Instead, PCR is performed on pooled subsets of multiple clones, which can be further separated if dictated by a positive result (Rondon et al. 2000) . The set of clones to be sequenced can be further reduced using comparative profiling methods such as RFLP, which can identify clones bearing identical copies of the same taxonomic marker gene .
The other strategy to obtain taxonomic marker sequences from the clone library is to sequence the entire assemblage without prior selection by PCR. This approach relies on the extensive use of high-throughput sequencing equipment, as well as, state-of-the-art sequence assembly equipment to organize sequenced fragments into contiguous clusters representing separate genomes (Tyson et al. 2004; Venter et al. 2004) . Taxonomic markers are identified using common search algorithms such as BLAST and HMM.
For procedural details, see references Rondon et al. (2000) ; Sebat et al. (2003) ; Tyson et al. (2004); Venter et al. (2004) ; Zhou et al. ( , 2003 Zhou et al. ( , 2004 .
Limitations, advantages, and complementarity
The shotgun cloning method of community characterization is currently the best method available because it circumvents the limitations of many other more widely practised methods, without sacrificing analytical power. Indeed, these methods offer a depth and breadth of analysis surpassing virtually all other molecular biological methods (a point to which we will return shortly). First, like most other molecular biological methods, source materials are obtained from the entire microbial community and not just the small fraction which can be cultured. Second, unlike the most commonly-used molecular biological methods, shotgun cloning does not rely on amplification of source materials by PCR prior to analysis, thus avoiding an otherwise endemic bias (Venter et al. 2004) .
It has been mentioned previously in this review that quantification of species abundance in a complex community on the basis of ribosomal marker genes, such as 16S rDNA, is problematic due to great variation among species in the copy number of rDNA genes (Farrelly et al. 1995) . Some researchers using the PCR-dependent shotgun method have made inferences about relative species abundance in the community based on relative abundance of various rDNA clones ). However, these inferences must be of a general nature, since this class of shotgun cloning method is prone to the same limitation. The PCR-independent shotgun cloning method, on the other hand, can circumvent this problem and provide a sounder measure of relative species richness. Since this method produces large contiguous sequences (dubbed contigs), each presumably belonging to a single species, the relative abundance of a given rDNA sequence can be weighted by the abundance of the contig on which the rDNA gene appears (Venter et al. 2004) . Furthermore, since the PCR-independent class of shotgun cloning methods locates taxonomic marker genes using rapid computer searches of vast amounts of sequence, one can search for a large number of taxonomic markers quickly and easily. This provides valuable corroboration for rDNA-based results (Venter et al. 2004) .
The only comparison to date between PCR-independent shotgun cloning and PCR-dependent rDNA analysis (such as 16S-DGGE) has shown that the former can detect much greater diversity within a given community (Venter et al. 2004) . However, for all the advantages of this class of shotgun cloning, the technology remains largely untested owing to the formidable resources required for such massive amounts of sequencing (Rondon et al. 2000; Venter et al. 2004) . Another outstanding problem with this method occurs when similar sequences from different organisms are mistakenly assembled together into scaffolds (collections of contigs), falsely conflating multiple genomes into a single unit. This can be especially problematic since taxonomic marker genes are often highly conserved among species. Furthermore, this is a problem that increases with the complexity of the community under study. As a result, this method has thus far only been applied in relatively simple communities such as iron mine biofilms and seawater (Tyson et al. 2004; Venter et al. 2004) .
Shotgun cloning methods are very labour-intensive, but return a great deal of information, as much as any of the other methods at least and perhaps a great deal more at best. As such, complementarity is most likely to come from methods that provide a more general snapshot of the community (such as phospholipid fatty acid (PLFA) analysis), in which to frame the more detailed results of shotgun cloning results. Or, as previously described, profiling methods such as RFLP can be used to narrow the field of clones to be sequenced by PCR-dependent shotgun cloning.
Probe hybridization
Probe hybridization is a class of analytical methods in which short, labeled oligonucleotides, generally of known sequence, are hybridized to complementary nucleic acid sequences from community samples or isolates thereof. The main contribution of this method to community characterization is to provide taxonomic information.
General method
There are 2 molecular biological ways to obtain information about the species present in a microbial community. The first is to isolate and sequence taxonomically differentiated nucleic acids (usually rRNA genes), directly from cultured isolates, from PCR amplicon clone libraries, or by excising PCR-amplified DNA from a gel (discussed in greater detail in previous sections). The other way is to use oligonucleotide probes specific to a particular taxonomic group. These labeled oligonucleotides are used to hybridize the complementary nucleic acid sequences, which can then be visualized and isolated.
Oligonucleotide probes are used for 3 interrelated purposes in microbial community studies: (i) to investigate the presence of various taxonomic groups in the community, (ii) to measure the relative abundance of specific taxa, and (iii) to determine the spatial distribution of species or groups of interest.
For taxonomic investigations, probe hybridization can be used with clone libraries to identify and characterize subgroups of clones of interest from within the larger sample set of the library (Bruns et al. 1999) . Taxonomic investigation can also be done as a follow-up step to the various genetic fingerprinting techniques already described by transferring environmental nucleic acids from gels to membranes, to which probes are hybridized (Lovell and Hui 1991; Hugenholtz and Pace 1996) . Taxonomic identification is also accomplished by whole cell in situ hybridization, either directly in the matrix of their natural microhabitat (Böckelmann et al. 2000; Kämpfer et al. 1996) , filtered di-rectly from the environment (Battin et al. 2001; Bettarel et al. 2002) , or on isolated colonies from an enrichment culture (Kleikemper et al. 2002a; Ferris et al. 1996) .
Quantification is a membrane-bound procedure, in which probes are hybridized to environmental nucleic acids (usually RNA) blotted on a membrane. Quantification is done by comparing probe signal intensity from environmental nucleic acids with that of a known amount of a positive control (Raskin et al. 1994a (Raskin et al. , 1994b Buckley and Schmidt 2001; Edgcomb et al. 1999 ). Spatial distribution is investigated by whole cell in situ hybridization directly in the environmental sample matrix (Minz et al. 1999) .
The design and synthesis of oligonucleotide probes for these various types of experiments follows a series of steps. For higher-order group-specific probes (i.e., common to taxa above species-level) designed from a sequence database, this process begins with the in silico selection and alignment of rDNA sequences. Relevant sequence commonalities and idiosyncrasies are then used to determine the sequence of the probe (Theron and Cloete 2000) . Conserved regions of rDNA genes are most commonly used for domain-, kingdom-, and phylum-specific probes. The smaller the targeted phylogenetic group, the more emphasis is placed on variable regions of rDNA genes in the design process. Species-or strainspecific probes can either be designed in silico in a similar manner or from sequences obtained by excising gel bands from various fingerprinting methods described previously (Ahn et al. 2002; Macnaughton et al. 1999) . Following design, probes are then synthesized and labeled. In the past, the labeling used to involve the incorporation of nucleotides bearing various radio-labeled isotopes. However, problems of lengthy exposure times, high cost, inferior spatial sensitivity, and the general undesirability of working with radioactive elements have encouraged the development of non-radioactive means of labeling probes (Theron and Cloete 2000) . Most labelling today is done either using fluorochromes or enzyme-linked detection systems (Zarda et al. 1991; Lebaron et al. 1997; Schönhuber et al. 1999) . The final step in this process is the experimental evaluation and optimization of the probe specificities and assay sensitivities using cultured reference strains. Probes will only bind correctly under defined hybridization conditions, and the optimization of hybridization and washing is as important as the probe design itself (Manz et al. 1993) . 
Limitations, advantages, and complementarity
There are several advantages to the use of oligonucleotide probes in community analysis. One of the most apparent is their great flexibility, demonstrated by the range of different experimental questions that probe hybridization can help answer. The logistical advantage of this technique is the rapidity and low cost with which probes are produced and used. From the point of view of experimental results, probes potentially possess a great degree of specificity, since their short length allows them to distinguish between single-mismatch differences in their potential targets (Theron and Cloete 2000) . In addition, probe hybridization can be used for some fairly unique applications. For example, different probes can be labeled with different labels (e.g., spectrally different fluorochromes) and hybridized to the same sample, allowing the identification of multiple targets at once (Rocheleau et al. 1999) .
Some of the general limitations of probe hybridization methods arise from the design process. Probes designed to hybridize to a defined group of targets based on sequence commonalities may exclude or underemphasize members of the group if sequence mismatches occur. Part of the problem lies in the self-evident, but important, fact that sequences designed from a database can only be assured of including sequences in the database. The opposite problem in this respect is the occasional hybridization of group-specific probes to out-group sequences. For example, the supposedly archaea-specific ARCH915 probe occasionally hybridizes to members of the bacterial cluster Cytophaga-Flavobacterium (Battin et al. 2001 ).
Less common organisms or nucleic acid sequences can be difficult to detect by probing. Experimental detection of hybridized probe depends on a minimum signal intensity. If there is not enough of a given target present, then the signal from the small amount of hybridized probe will be difficult to distinguish from the signal background. For whole-cell hybridization in complex communities for example, organisms that comprise <0.1% of the sample can rarely be detected (Amann et al. 1995) .
Some improvements to the sensitivity of the standard fluorescence in situ hybridization procedure (FISH) have come recently from the use of catalyzed reporter deposition (CARD-FISH). By using a novel tyramide substrate for the generation of fluorescent signal by an oligonucleotide-linked catalytic enzyme, researchers have been able to enhance fluorescence intensities and signal-to-noise ratios, increase the detection rates of particular taxa, and in some cases to detect taxonomic groups undetectable by standard FISH (Teira et al. 2004; Sekar et al. 2003; Pernthaler et al. 2002) .
Several modifications of the basic probe hybridization protocol exist for various specialized applications. To investigate the relationship between specific substrate utilization and phylogeny, investigators have combined probe hybridization with microautoradiography. An environmental sample is supplied with a radiolabeled substrate prior to fixing and mounting on a slide. Individual cells or cell aggregates can then be simultaneously assigned to taxonomic groups by flourescent probe hybridization and to functional substrate-utilizing groups by microautoradiography (Lee et al. 1999; Ouverney and Fuhrman 1999) . Alternately, secondary ion mass spectrometry (SIMS) can be combined with in situ hybridization to reveal the relationship between phylogeny and naturally occuring variation in stable isotope ratios, indicative of particular metabolic processes such as anaerobic methane oxidation (Orphan et al. 2001 ).
DNA microarrays
DNA microarrays are an emerging technology to study complex microbial communities. This is a very high-throughput technique in which a large number of taxonomically differentiated oligonucleotides are immobilized on a glass slide and hybridized to a labeled community DNA sample.
Though DNA microarrays were originally developed for the study of entire single genomes for biomedical applications, this technology has been applied with increasing frequency and success to environmental studies of complex microbial communities (Greer et al. 2001) . In this method, taxonomically differentiated oligonucleotides, generally fragments of 16S rDNA, are spotted and immobilized on a 2-dimensional solid support, often in the form of a glass slide. These oligonucleotides, which can number up to a quarter of a million (250 000) per slide (Wilson et al. 2002) , constitute the hybridization targets. Microbial community DNA serves as the labeled hybridization probe, either amplified by PCR (Reyes-Lopez et al. 2003) or extracted directly from environmental samples (Small et al. 2001 ). The resulting profile of hybridization is microscopically visualized and electronically detected by the use of lasers. The data is then analyzed by computer software designed specifically for this task.
Thus, DNA microarrays are used to create a complex qualitative profile of the various taxonomic groups and subgroups that are present in a community sample. Though the information content of a given chip is at the discretion of the researcher, existing ribosomal databases easily allow for the design of oligonucleotides whose sequence specificity allows for resolution at the species level, at least in theory. Though most community characterization applications are best served by microarrays with as broad a taxonomic range as possible, specialized microarrays are being built to identify microbial sub-groups with great specificity, for example to identify all recognized lineages of sulfate-reducing prokaryotes (Loy et al. 2002) . However, this method provides more than just qualitative information. For example, variation in hybridization intensities for individual spots on the chip provide some measure of the abundance of their target species (Voordouw 1998) , though there are several associated uncertainties, which will be discussed shortly. 
Limitations, advantages, and complementarity
Microarrays, as an integral part of the new generation of high-capacity molecular biological tools, combine staggering increases in sample throughput and analytical breadth with relative ease and speed of analysis. Microarrays can be used to provide information on the occurrence of multiple microorganisms, potentially numbering in the thousands, in a single assay. This is its main technical advantage over other taxonomic nucleic acid-based assays, which are limited by the rate at which sequences can be analyzed, especially in complex samples. Microarrays overcome these limitations by their ability to taxonomically identify large numbers of organisms with no subsequent DNA isolation and sequencing steps, which consume time and resources (Wilson et al. 2002) .
Microarrays also possess an analytical advantage over many of the other methods discussed in this survey; most other methods either provide information on a single species or a small number thereof or they provide a generalized profile that can be used to compare one community with another. Microarrays combine both of these properties, creating a complex profile that can be compared at a glance to other profiles. At the same time, this microarray profile is composed of discrete bits of information specific by their nature to a given species or other taxonomic group. Thus microarrays combine information on the identity of a single species with information on the identity of the community as a whole.
Although the technological resources presently required to develop and produce reliable microarrays are formidable, the experimental effort required for microarray hybridization and subsequent data recovery is minimal compared with many other nucleic acid-based techniques (Peplies et al. 2003) . Fortunately, commercially produced microarrays are now available, such as Affymetrix's GeneChip arrays (Affymetrix 2005) , which offset many of the associated with development and production. At the same time, this technology is rapidly becoming more flexible for end-user analysis; portable field systems have been designed and implemented for imaging of microarray-hybridization patterns (Bavykin et al. 2001) .
Despite the great potential of microarrays, there remain several technical obstacles that can complicate the use and overshadow the results obtained from this technology. The specificity of probe-target interactions can be compromised by cross-hybridization, that is, the hybridization of multiple probes to a single target and vice-versa. Thus, for example, one can overestimate the abundance of a given species if the target oligonucleotide is cross-hybridizing to probes from several closely-related species, leading to an increased signal intensity (Voordouw 1998) . Consequently, differentiating mixed populations of highly similar organisms is still quite difficult by this method (Wilson et al. 2002) . However, this property can also work to the researcher's advantage. DNA from environmental microorganisms whose sequence information is not currently available, but that are related to organisms whose sequences are known, can still hybridize to targets designed for their identified relatives. Thus, information can be gleamed about unknown environmental organisms whose rDNA sequences are not included in current databases and were not deliberately included on the microarray (Wilson et al. 2002) .
Though there is great inherent potential for generating quantitative data using DNA microarrays, the accuracy of quantitative assessment is still uncertain (Cook and Sayler 2003) . In environmental samples, where complete complementarity between probe and target sequences is more of a theoretical possibility than a practical reality, it can be difficult to distinguish differences in signal intensity due to population abundance with differences due to sequence divergence (Zhou and Thompson 2002) .
Certain physical and biochemical properties of the chip and the bound oligonucleotides can conspire to create false negatives and positives. Secondary structures of target oligos and steric hindrance based on spot density and other hybridization conditions can cause problems with false results (Peplies et al. 2003) . Strict optimization of hybridization conditions may be required to compensate for these problems. It is important to keep in mind however, that when working with rDNA some of these problems can be especially tiresome, since rRNA naturally exists in a very stable secondary structure essential to its funciton in the cell (Zhou and Thompson 2002) .
Hybridization sensitivity can be another serious problem. If quantities of source genetic material are limited, for example if samples possess low biomass or if the target genes represent a very minor fraction of the total DNA, then the target DNA must be well amplified prior to hybridization. This often entails the use of PCR as part of the labeling process. However, as discussed earlier, the use of PCR can introduce significant biases that can, among other things, increase the risk of false-negative results. Fortunately, a recent study has indicated that a non-PCR-based amplification strategy, based on multiple linear amplifications using various DNA polymerases, can provide the increased sensitivity needed without introducing comparable amplification biases (Vora et al. 2004) .
As described thus far, DNA microarrays are seldom combined with other forms of community analysis, except for comparative purposes (Wilson et al. 2002; Koizumi et al. 2002) . However, by reversing the relationship described above between target and probe, DNA microarrays offer the possibility of complementing other techniques to great effect. If whole community DNA, cloned into a single metagenomic library, is immobilized on a glass slide, the resultant microarray/library can be screened using labeled targets for taxonomic (or catabolic) genes of interest. In this manner, a library consisting of tens of thousands of clones can be screened in a single assay, as opposed to conventional library screening that requires separate hybridizations of hundreds or thousands of nylon membranes. Though this potential application of microarrays has not appeared in the literature to date, feasibility studies are currently being undertaken at the NRC's Biotechnology Research Institute in Montreal, Quebec.
Biochemical methods
DNA composition and kinetic assays
Unlike PCR-based procedures, all these methods use the most theoretically representative fraction of the nucleic acids in the microbial community; the directly extracted total community DNA. The types of methods that fall under this heading are 3-fold: DNA reassociation kinetics assays, %G-C content fractionation, and DNA-DNA community hybridization.
DNA reassociation kinetics
DNA reassociation profiles use basic biochemical properties of the DNA molecule to measure the complexity of the DNA in a sample and thus estimate the diversity of the sample (i.e., the number of genomes present).
The rate at which thermally denatured DNA reassociates at a fixed temperature below its melting point is a measure of the complexity of that DNA . Complexity is defined as the number of nucleotides in the DNA of a haploid cell, without repetitive DNA (Torsvik et al. 1990 ). For community analysis, this method operates on the principle that the complexity of a DNA sample is a measure of the total number of different genomes present.
In this method, extracted DNA is thoroughly sheared, to a fragment size of approximately 1 kb . The sheared DNA is melted fully, then brought to a fixed temperature well below its melting temperature, usually T m = 25°C (Chatzinotas et al. 1998) . The absorbance of the reassociating DNA is measured spectrophotometrically over time. Since double-stranded DNA absorbs more UV radiation than single-stranded DNA, the absorbance steadily increases over time as the DNA renatures; when the absorbance stops increasing, the DNA is fully renatured. The key value measured is C o t 1/2 , where C o is the product of the molar concentration of nucleotides and t 1/2 is the time required for 50% reassociation (Torsvik et al. 1990 ). This value is considered to be proportionate to the complexity of the DNA in the sample. The C o t 1/2 of a community sample is compared with that of a reference strain (usually Escherichia coli) with a known genome size to estimate the number of genomes present in the sample.
For procedural details, see references Chatzinotas et al. (1998) ; Ritz et al. (1997) ; Torsvik et al. (1990) .
Limitations, advantages, and complementarity
One of the major limitations of this method is time. The more complex the community, the longer the time required for reassocation to occur. In some cases, the time required can far exceed the bounds of practicality, taking as much as several weeks to reach even 50% reassociation (Torsvik et al. 1990 ). In other cases, DNA samples begin to degrade noticeably long before this much time elapses. This becomes an increasingly large problem at high incubation temperatures. In one experiment, sampling was stopped after 60 h due to signal degradation ). An alternative method to circumvent some of these time constraints is to allow reassociation to proceed for a fixed amount of time, then to determine the fraction of reassociated DNA by separating double-stranded from single-stranded DNA (Torsvik et al. 1990 ).
Use of this method to determine the total number of species present in a community sample is based on several assumptions about sample purity and community composition. But both of these factors (and others) can skew the final estimate of diversity. Impurities such as humic and fulvic acids and metallic ions (found in soils) can interfere with reassociation, leading to over-estimates of genetic diversity. More fundamentally, comparison of C o t 1/2 with a reference strain assumes that this strain represents the average genome size of a member of the community. But presence and preponderance of eukaryotes or archaea, or bacterial groups with unusually large or small genomes, can alter the relationship between measured DNA complexity (in bp) and the estimated number of genomes.
DNA reassociation only gives an estimate of total species number in a sample. If a more comprehensive profile of the community is desired, then this method must be complemented by more specific methods of community analysis that provide some phylogenetic information, or at least a characteristic community profile.
Bisbenzimidazole-CsCl-gradient fractionation
Bisbenzimidazole-CsCl-gradient fractionation is a method of DNA fractionation based on overall %G-C content, which produces a characteristic community profile of relative abundance of DNA vs. %G-C content.
In this method, community DNA is exposed to bisbenzimidazole, a non-intercalating dye that preferentially binds to A + T regions of the DNA. This binding alters the buoyant density of the DNA in proportion to the amount of dye bound. This establishes a means of physically separating the DNA on the basis of G-C vs. A-T content (Holben and Harris 1995); when passed by centrifugation through a linear gradient of CsCl, the DNA-bisbenzimidazole complex separates linearly by buoyancy, i.e., by relative amount of bound bisbenzimidazole, i.e., by A-T/G-C content. Bisbenzimidazole is fluorescent under long-wave UV illumination, to a degree proportional to the amount of bisbenzimidazole present. This allows for the measurement of relative abundance of DNA at each point in the CsCl gradient (i.e., at varying %G-C), thus establishing the parameters for the community profile.
For procedural details, see references Gsell et al. (1997) ; Holben and Harris (1995); Nusslein and Tiedje (1998) .
Limitations, advantages, and complementarity
Since %G-C content is generally specific to genus-level phylogenetic groups (Laskin 1988), a CsCl-bisbenzimidazole community profile can also provide a certain level of phylogenetic information without further analysis. However, this information has its limits. For instance, though there is some genus-level phylogenetic information implicit in the community profile, it does not imply definitive genus-level assignment of phylogenetic groups, since different genera have overlapping (but different) ranges of %G-C content (Holben and Harris 1995). Also, no information can be obtained below the genus level from these profiles, since related, but possibly quite different, species can appear in a single %G-C peak (Holben and Harris 1995) .
This method physically separates DNA with different properties. As such, it permits the isolation of a particular fraction from the gradient for further analysis. The non-damaging nature of the dye-binding and visualization allow for amplification and cloning of the DNA in a given fraction (Nusslein and Tiedje 1998) , which allows a range of further analyses, including many PCRbased methods discussed in previous sections. Similarly, isolated fractions can be subject to DNA or RNA hybridization to probe for the presence of various sequences of interest (Holben et al. 1993) . These types of complementarity are well suited to situations in which genetic fingerprinting profiles reveal diversity too great to be clearly visualized or to be represented by a manageable number of clones. Isolation of specific %G-C fractions allows for a meaningful sample reduction for these types of analysis (Nusslein and Tiedje 1998) .
%G-C profiles give information about the base composition of DNA, but cannot, on their own, be used to determine the presence or abundance of a particular species. Community DNA hybridization (see below) provides information on the similarity of species composition and predominance between community samples. Thus, a combination of the 2 analyses can provide a more thorough analysis than either method alone.
Community DNA hybridization
Total community DNA of one sample is cross-hybridized to total community DNA from another sample to provide information about the relative relatedness of the 2 communities.
In this method, one total community DNA sample is restriction digested and labeled either by nick translation (Lee and Fuhrman 1990) or by random primer hybridization (Griffiths et al. 1996; to produce the probe set. Another separate total community DNA sample is loaded onto a membrane to produce the target set. The probe set is hybridized to the target set, and the similarity between sets is calculated based on this hybridization (for details on the method of calculating similarity, see reference Lee and Fuhrman 1990) . This method takes advantage of the fact that dissimilar DNAs rarely hybridize to one another (Kaneuchi et al. 1988) . The observed hybridization signal in this assay is thus an indication of identity or close similarity between the species and communities being compared.
For procedural details, see references Griffiths et al. (1996) ; Griffiths et al. (1997) ; Lee and Fuhrman (1990) .
Limitations, advantages, and complementarity
This method is only used to compare one sample with another. As such, all its results are relative and only definable in terms of the 2 samples compared. No independent taxonomic information is available from this method. However, given the relative nature of the information provided, this method nevertheless provides at least some information about several community parameters. The observed similarity between 2 samples is in fact a measure of the following 2 parameters of species diversity: species richness (the total number of species present) and species evenness (the degree of dominance of particular species) (Griffiths et al. 1996) . All community hybridization assays are performed reciprocally, that is, probe A : target B, and probe B : target A. The results of these 2 hybridizations are most often asymmetric, indicating higher complexity or %G-C content in one sample over the other Lee and Furhman 1990; Theron and Cloete 2000) . Thus, at least some measure of species richness, species evenness, community complexity, and %G-C content can be obtained from this assay, even if the information is only relative.
The obligate relativity of the results of community DNA hybridization can be at least partly overcome by complementary analyses that provide absolute measurements. For example, %G-C profiles give information about the base composition of DNA, but cannot on their own be used to determine the presence or abundance of particular species (see above section). Community hybridization provides information on the similarity of species composition and predominance between community samples. Thus, a combination of the 2 analyses can provide a more thorough analysis than either method alone 
Metabolic assays
Metabolomics
After the establishment of technologies for high-throughput DNA sequencing (genomics), gene expression analysis (transcriptomics), and protein analysis (proteomics), the remaining functional genomics challenge is that of a compre-hensive, non-biased, high-throughput analysis of complex metabolite mixtures (metabolomics).
The term "metabolomics" describes recent high-throughput approaches in the field of metabolic genomics that aim to identify gene function by analyzing the full complement of metabolites, the end products of cellular regulatory processes, of an organism (its metabolome). Three modes of analysis in metabolomics exist. (i) Target analysis: directly studying the primary effects of a genetic alteration; an analysis can be constrained exclusively to the substrate and (or) the direct product of the corresponding encoded protein. This approach is mainly used for screening purposes or very specific and sensitive analysis. (ii) Metabolic profiling: when the analytical procedure is restricted to the identification and quantification of a selected number of pre-defined metabolites (i.e., carbohydrates), in a biological sample it is called metabolite profiling (or metabolic profiling). (iii) Metabolic fingerprinting: aimed at highlighting compositional similarities and exploring the overall natural variability in a population of samples, while looking for differences between complex profiles, to attempt to classify a particular organism.
The analysis of the metabolome is carried out by a variety of analytical methods, with emphasis in mass spectrometry (MS) (Taylor et al. , 2002 Castrillo et al. 2003; Buchholz et al. 2002) and nuclear magnetic resonance (NMR) (Boersma et al. 2001; Defernez and Colquhoun 2003; Reo 2002) ; most of these are complemented with a form of chromatography. Unfortunately, metabolites have a much greater variability in the order of atoms and subgroups compared with the linear 4-letter codes for genes of the linear 20-letter codes for proteins. Thus, metabolites cannot be sequences like genes or proteins, instead the order of the atoms and the stereochemical orientation have to be elucidated de novo in a complex manner (Fiehn 2002) . Taylor et al. (1998 Taylor et al. ( , 2002 ; van Ommen and Stierum (2002); Watkins and German (2003) .
Limitations, advantages, and complementarity
Studies in metabolomics have focused on plants ( Defernez and Colquhoun 2003; Fiehn 2002; Hall et al. 2002; Holtorf et al. 2002; Sumner et al. 2003) , yeast (Castrillo et al. 2003; Förster et al. 2002; Raamsdonk et al. 2001) , bacteria (Boersma et al. 2001; Buchholz et al. 2002; Goodacre et al. 2000; Taylor et al. 2002) , and human nutrition (German et al. 2002; German et al. 2003; van Ommen and Stierum 2002; Watkins and German 2003) . Achieving the broadest overview of metabolic composition is very complex and entails establishing a multifaceted, fully integrated strategy for optimal sample extraction, metabolite separation/detection/identification, automated data gathering/handling/analysis, and, ultimately, quantification. Both analytical and computational developments are essential to achieve this goal (Hall et al. 2002) .
The ultimate goal of metabolomics is the ability to reliably detect and quantify every metabolite in a given organism, which is unlikely to be attained by any single analytical method available at present. Nevertheless, new advances have been made and are continuing to be made. The interpretation of the data is complicated (Hall et al. 2002; Fiehn 2002) , there is a need for the use of various statistical analysis (e.g., multivarient statistics and hierarchial cluster analysis). The NMR and MS laboratory equipment is complicated and expensive. When analyzing crude extracts, almost no compounds are eluted as pure peaks and are often obscured by the presence of co-eluting metabolites. Thus, special software to enhance the reliability of peak identifications in GC-MS runs has to be used (Halket et al. 1999) . Besides having no complete publicly available metabolomic database, the size of data will most likely cause limitations in database handling tasks. The data accumulation is enormous, different groups reported generating volumes of data in the order of 10 gigabytes per day, and a number of trends suggest that the volume of data produced will continue to increase (Hall et al. 2002) . Therefore, the full potential of metabolomics will only be realized when publicly available databases are created. Metabolomic analysis is in its infancy and is rapidly growing, yet it is showing potential to serve as a detailed high-throughput system in the future (Phelps et al. 2002) .
With today's powerful analytical and computational systems, the experimental outcome of systematic changes to biological systems can be followed in a comprehensive way. However, the combination of analytical results from all levels of gene products (transcriptome, proteome, and metabolome) remains more a vision than reality (Fiehn 2002) .
Lipid analyses
Quinone profiling
Quinone profiling is a culture-independent lipid biomarker assay that uses the taxon-dependent specificity of microbial quinones to create a community profile with moderate taxonomic specificity.
Quinones are essential lipid components of respiratory and photosynthetic electron transport systems in microorganisms. Quinone profiling is a biochemical method of fingerprinting entire microbial communities based on the distribution and relative abundance of various species of quinones in the community, a method of community analysis that predates all genetic fingerprinting techniques (Collins and Goodfellow 1979) . Many molecular species of respiratory quinones can be characteristic of bacteria at the level of genera or higher-level taxa, depending on the species of molecule. Ubiquinones (a subgroup) are also used to identify genera of fungi, yeast, and yeast-like fungi (Kuraishi et al. 2000; Okada et al. 1996) . These molecules are differentiated by variation in nucleus quinone molecules, number of isoprene units in the side chain, and position and degree of saturation.
The basic method of quinone profiling is straightforward; quinones are physically and chemically isolated and purified from environmental samples (Collins and Goodfellow 1979) and identified by one of several chromatographic methods (high-performance liquid chromatography (Hiraishi et al. 1999a (Hiraishi et al. , 1999b , column chromatography (Hiraishi and Kato 1999) , thin-layer chromatography, etc. (Collins and Jones 1981) ), and mass spectrometry. The resulting profile usually takes the form of a table listing various quinone species and their relative abundance in the community sample (for example, Hiraishi and Kato 1999) .
For procedural details, see references Collins and Goodfellow (1979) ; Collins and Jones (1981) ; Collins et al. (1977) ; Collins et al. (1980) ; Gilbart and Collins (1985) ; Hiraishi and Kato (1999) ; Hiraishi et al. (1998) ; Hiraishi et al. (1999a) 
Limitations, advantages, and complementarity
Quinone profiling benefits from being both fast and inexpensive to perform, provided that equipment for both chromatography and mass spectrometry is readily accessible. Furthermore, this method avoids the biases associated with extraction and amplification of nucleic acids (Hiraishi et al. 1998) . Quinone profiling appears most often in the recent literature as a means of comparing multiple environmental samples (for example, Hu et al. 2001a Hu et al. , 2001b Hiraishi et al. 1998; Hiraishi et al. 1999b) , perhaps because this method generates fairly non-specific profiles that, unlike DNA fingerprinting profiles, cannot themselves be subject to further specific analysis (such as sequencing or probing). When used in conjunction with other techniques, quinone profiling appears in the literature as a backup or confirmatory method to reinforce the results of rDNA-based fingerprinting and hybridization assays (Urakawa et al. 2000) . It can also be used with other biochemical community fingerprinting methods, such as FAME, to produce a more comprehensive profile, with the potential for greater specificity (Busse et al. 1996) .
Phospholipids fatty acids and fatty acid methyl esters
Phospholipids fatty acids (PLFA) and fatty acid methyl esters (FAME) are culture-independent lipid biomarker assays in which the nature and distribution of various membrane lipids are used to construct the phylogeny and metabolic activity profiles for a microbial community.
Membrane lipids can potentially provide much information about the organisms from which they are derived. Microbes alter the lipid composition of their membranes in response to differing environmental conditions, for example by enhancing membrane fluidity by increasing the proportion of unsaturated fatty acids in response to cold temperatures (Gounot 1986; Bartlett 1999) . As such, membrane lipids can provide information about the physiological states of a given microbe or community (Misko and Germida 2002) .
Taxonomic information can also be derived from the nature and distribution of various lipid subspecies isolated from a given microorganism. These variable characteristics differ between microbial species and genera, allowing for the construction of reference libraries, to which individual sample isolates can be compared for taxonomic identification (Environmental Protection 2003) .
Most common among the various existing membrane-lipidbased techniques of microbial characterization are PLFA and FAME. The operating principles of the 2 methods are the same; membrane lipids are extracted from microbial samples and subjected to GC and MS to identify the fatty acids that compose these lipids. The resultant analysis produces a profile of various different fatty acid species, which are present in varying amounts. The nomenclature used to describe these molecules is very similar to that used in quinone analysis (i.e., encoding the length of the fatty acid chain, degree and position of unsaturation, and other molecular conformational characteristics) (Microbial ID Inc.; Cavigelli et al. 1995) .
The difference between these 2 methods lies in the nature of the lipids extracted and in the methods of extraction. PLFA makes use only of intact membrane phospholipids (Zelles 1997 (Zelles , 1999 , whereas FAME isolates all long-chain fatty acids by first converting them into methyl esters (Buyer 2002) . Other methods that operate on these principles include PLEL (phospholipid ether lipids) and LPS-HYFA (hydroxy fatty acids of lipopolysaccharides) (Bai et al. 2000; Keinanen et al. 2003) .
Whereas these methods can be used to derive fairly precise taxonomic information from cultured microbial isolates, their application to whole-community analysis is somewhat more limited, since many fatty acids are common to different microorganisms and many fatty acids are extracted from each community sample (Cavigelli et al. 1995) . Although some fatty acids in a community sample can be indicative of the presence of various groups of microorganisms, the general application of PLFA and FAME to community analysis is to create a complex profile of fatty acids unique to each community sample. Further characterization can be provided by statistical analyses such as principal component analysis (PCA) (Zelles 1999) . This form of analysis simplifies complex community profiles by reducing them to a single data point on a 2-or 3-D graph. The coordinates of this data point represent the relative abundance of the 2 (or 3) dominant molecular species.
For procedural details, see references Araújo et al. (2002); Bai et al. (2000) ; Baird and White (1985) ; Brim et al. (1999); Buyer (2002); Cavigelli et al. (1995) ; Glucksman et al. (2000) ; Kleikemper et al. (2002a) ; Kleikemper et al. (2002b) ; Keinanen et al. (2003) ; Lei and VanderGheynst (2000) ; Ludvigsen et al. (1999); Macnaughton et al. (1999); Miethling et al. (2000) ; Misko and Germida (2002); Petersen et al. (2002); Pombo et al. (2002) ; Ritchie et al. (2000) ; Shi et al. (2002); Zelles (1999) .
Limitations, advantages, and complementarity
For reasons explained above, PLFA and FAME are quite limited in the taxonomic information they can provide about complex microbial communities, although they are well suited to provide this information from cultured isolates. For community analysis, PLFA and FAME are useful in comparing one sample to another and in tracking changes in community structure over time or at different sampling locations (Lei and VanderGheynst 2000; Baird and White 1985) . Statistical analyses such as PCA facilitate these types of comparison: similar samples cluster together on a PCA plot, suggesting they belong to the same (or closely related) microbial communities (Cavigelli et al. 1995; Buyer 2002) .
Strict constraints are placed upon the use of PLFA and FAME for taxonomic identification of individually cultivated members of microbial communities. Because growth conditions alter the distribution of lipid species, the proper use of existing reference libraries of lipid composition requires that the samples are cultivated under the exact same conditions as the strains used to make the reference library (Environmental Protection 2003) . It is difficult to make major changes to the sample preparation method without altering the fatty acid profile of the bacteria of interest, which would then require preparation of a new reference library (Buyer 2002) .
PLFA and FAME share the dual advantages of being rapid and inexpensive to perform. GC/MS equipment are routinely used in most analytical chemistry labs, and the cost of running individual samples is negligible (the original cost of the equipment, notwithstanding). Running times as short as 24 h have been reported for runs of nearly a hundred samples (Buyer 2002) .
Because of the ease of this type of analysis, and the unique but limited community profiles that they produce, membrane lipid methods such as PLFA and FAME are often used in conjunction with more specific genetic fingerprinting methods to confirm general results obtained from the latter or provide an independent (but general) snapshot of the microbial community (Miethling et al. 2000; Ritchie et al. 2000) . Conversely, the ability of PLFA and FAME to rapidly and inexpensively identify cultured isolates has been used to extensively characterize community members originally identified by less specific mechanisms of analysis (Araújo et al. 2002; Macnaughton et al. 1999) . For example, one study identified microbes of interest by in situ hybridization using probes designed from 16S DGGE analysis, which were then isolated, cultured, and subjected to full PLFA analysis ).
Microbiological methods
Metabolic assays
Community-level physiological profiles
Community-level physiological profiles (CLPP) is a method that uses commercially available 96-well microtiter plates, usually consisting of 95 different carbon sources, nutrients, and a tetrazolium dye. The oxidation of the carbon substrate is concomitant with reduction of the dye. The carbon utilization patterns are then analyzed using mutivariant statistical techniques to evaluate the degree of similarity among environmental samples.
Differences in sole carbon source utilization have been used to distinguish among different bacterial types for over 50 years (Garland 1997) . The automated microbial identification system, Biolog, based mainly on aerobic metabolic activities, has contributed a great deal to our understanding of carbon source utilization (Bochner 1989 ). An adaptation of the method involving the use of Biolog microtiter plates, which were originally developed for the classification of bacterial isolates based on the ability of the isolates to oxidize 95 different carbon sources (plus 1 control) in a 96-well microtiter plate (Bochner 1989) , is now being applied to characterize the functional potential of microbial communities (Garland and Mills 1991) . This new, rapid, community-level approach for assessing the utilization patterns of sole carbon sources is now being used to study microbial community dynamics.
When Biolog plates are used for this purpose, the inoculum is a mixture of organisms obtained from a microbial community rather than a cell suspension from a culture, but otherwise the procedures are similar. A bacterial cell suspension is used to inoculate wells of a microtiter plate in which each well contains a different carbon source, nutrients, and a tetrazolium dye. The plate is then incubated for a 2-7 day period, and oxidation of the substrate is periodically monitored by measuring the concomitant reduction of the tetrazolium dye.
This approach has been widely used as an easy and rapid tool for assessing the relative similarity between aerobic heterotrophic microbial communities across spatial, temporal, and experimental gradients (Garland 1997) . Although anaerobic microbial communities have also been successfully monitored using this method (Röling et al. 2000) , CLPP involves the overall rate of color development in the wells, the richness and evenness of response among the wells (or diversity), and the pattern or relative rate of utilization among wells. It should be noted that this system has been used in large part for comparing bacterial communities (Garland and Mills 1991; Lehman et al. 1995; Matos et al. 2002) .
The most common test used in CLPP is the Biolog GN microtiter plate, and whereas GN plates are the most widely employed for CLPP, other plates such as GP (tailored for Gram-positive identification) (McCarthy and Murray 1996) , SF-N (for fungal identification) (Dobranic and Zak 1999) , and MT plates (growth-supporting nutrients, no carbon source) (Campbell et al. 1997 ) have also been used.
For procedural details see references Campbell et al. (1997) ; Konopka et al. (1998); McCarthy and Murray (1996); Garland (1997) , (2001); Garland and Mills (1991) ; Matos et al. (2002); Miethling et al. (2000) ; Röling et al. (2000) ; Vinther et al. (2003) .
Limitations, advantages, and complementarity
What makes CLPP analysis attractive is the fact that it is proposed to be a relatively inexpensive and commercially available means of gathering large amounts of information about whole communities of microorganisms. It should be mentioned that Biolog is only applicable to the detection of bacteria and non-filamentous fungi (yeasts) and that because the technique is based on oxidation of the carbon source to provide a positive result, it is not applicable to the detection and identification of non-culturable microorganisms (Garland and Mills 1991) . The use of Biolog plates has the potential to provide a very convenient means to test large numbers of samples on a wide variety of compounds (138 if the GN and GP plates are combined) (Garland et al. 2001) . CLPP can be applied to a number of environmental samples, although different environmental samples have made the interpretation of results questionable. Growth in the wells is required for color development and the level of growth necessary for detectable color may limit the analysis of the sample for CLPP (Garland 1997) . A relatively clear, carbon-free inoculum is required for accurate results (Lehman et al. 1995) . Thus, samples from soil, clay, and sediments have to be diluted to some extent. This ultimately affects microbial density and increases the chances of obtaining false negative results. (Garland 1997) .
Dilutions of saline water must also be performed, because salts contained in such waters may affect the reduction of the tetrazolium dye. Moreover, the need to use enumeration techniques (such as most probable number) to estimate population size when comparing samples, the long incubation times (2-7 days), and various statistical analyses detract from the overall simplicity and limit the ability to rapidly screen large numbers of samples. Experimental evidence suggests that the overall rate of color development in a Biolog plate is not necessarily related to the in situ carbon source utilization (Garland 1997) . Thus, no definite statements of function in the environmental sample being analyzed can be made. Biolog plate analyses have been used to suggest links between function and phylogeny by combining CLPP with various genetic polymorphism-based techniques (Lehman et al. 1995) . Furthermore, in cases where the CLPP approach has been compared to various genetic polymorphism-based techniques, the similarity groupings of communities obtained with the various approaches are usually consistent among the techniques (Di Giovanni 1999; Kerkhof et al. 2000) . It is obvious that the use of CLPP to analyze environmental samples is more credible when complemented with other techniques than when it is used alone.
Cell counting techniques
Cell counting techniques are not methods of community characterization that provide any detail other than the number of cells in a community sample. These methods provide no information about community phylogeny, diversity or physiology when used alone. However, cell counting techniques are often used in conjunction with other methods that address these facets of community characterization to provide a more complete description of the community (Böckelmann et al. 2000; Pombo et al. 2002; Reed et al. 2002; Brim et al. 1999; Lee et al. 2002) . The cell count of a community is one of the most basic characteristics of a community, but it is only a starting point for meaningful characterization.
Direct cell counting
Direct counting methods involve the use of DNA-staining dyes on environmental samples that are visualized and counted in a microscopic field. These are called direct methods because they (theoretically) count every type of cell (i.e., species) present in the original community sample. This is to be contrasted with indirect counting methods that are discussed below, which by definition can only count a subset of the species present in the original sample.
When compared to indirect cell counting methods, direct counting methods possess the advantage of including all bacteria in the sample, which may include culturable, viable non-culturable, and non-viable non-culturable organisms (Guyard et al. 1999) . Thus, direct counting methods circumvent errors due to viability-related phenomena such as selectivity of growth media, cell clumping, and slow growth rates.
One of the most common direct counting methods is the Acridine Orange Direct Count (AODC) (Reed et al. 2002; Ludvigsen et al. 1999) . AO interacts with DNA by intercalation, fluorescing green (525 nm) when bound to DNA. An acridine-orange-epifluorescence-microscopic direct counting procedure can produce sensitive direct total cell counts within 15 to 20 min. Particulate matter may fluoresce when stained with acridine orange, and therefore this method requires an experienced microbiologist or technician who is able to distinguish microbial cells from other fluorescing bodies on the basis of morphology when viewed at higher magnifications.
DAPI (4′,6-diamidino-2-phenylindole) staining is the other commonly used direct counting technique (Kämpfer et al. 1996; Lee et al. 2002; . DAPI is a blue fluorescent stain that preferentially stains double-stranded DNA, attaching itself to AT clusters in the DNA minor groove. Binding of DAPI to dsDNA produces an approximate 20-fold fluorescence enhancement, with an emission maximum at 461 nm.
Indirect cell counting
In addition to direct counting methods, there exist a number of indirect methods. Unlike direct methods, which count cells directly from the matrix of the environmental sample or from a filter (in the case of solid or liquid samples, respectively), the operative step of all indirect methods involves culturing or isolation on growth media. This restricts the range of cells counted to those which survive in a selective environment. In an environmental sample, the total number of bacteria exceed the number of culturable bacteria by anywhere from one to five orders of magnitude (Amann et al. 1995) . Thus, indirect cell counting methods are limited to providing an estimate of microbial diversity that is perhaps proportional, but certainly not representative, of the microbial community.
CFU (colony-forming unit) counting is a method which involves the plating serial dilutions of an environmental sample on solid media. The actual parameter being measured is not the number of cells, but rather the number of colonies formed per unit volume of original sample. In addition to the unavoidable selectivity imposed by artificial growth media, CFU counting methods can be adapted to further select for metabolic ability (i.e., growth on particular substrates or under specific conditions) (Kämpfer et al. 1996; Brim et al. 1999) . At this point however, the technique becomes less a community characterization method, and more a means simply to isolate bacteria with the desired characteristics (Lytle et al. 2001; Watts et al. 2001; Tripathi et al. 2002) Though CFU counting is the indirect method which has been reported to yield the lowest cell counts from among the indirect counting methods (Guyard et al. 1999) , it benefits from a natural complementarity with other types of assays. Since cells are counted as separate colonies on a solid medium, single colonies can readily be isolated and subjected to further analysis. The types of analysis which can be performed are variable, but can include any combination of morphological (Kämpfer et al. 1996) , biochemical (Misko and Germida 2002) , or genetic assays (Chèneby et al. 2000) .
Another applicable method is the Direct Viable Count (DVC). This is a method which directly counts the cells from the original environmental sample that are able to grow in liquid medium. The liquid medium used is that of the original sample, supplemented with yeast extract (a varied and general source of nutrients) and an antibiotic, usually nalidixic acid (Guyard et al. 1999 ), which inhibits cell division. Cells that are viable will grow in the medium, but will not divide as a result of the action of nalidixic acid. Consequently, growing cells will develop an elongated form which can be readily identified by microscopy (Kogure et al. 1997) . Analogous with CFU counts, this method can be adapted to count certain specific groups of bacteria. In this case, different antibiotics can be used to discriminate between Gram-positive and Gram-negative bacteria (Barcina 1995) .
The main limitation of this method is that it is only applicable to liquid samples (i.e., from marine or freshwater environments). Still, given this limitation, DVC is the most sensitive of the indirect counting techniques, yielding microbial counts that are up to three orders of magnitude greater than plate counting methods, although these counts remain inferior to direct methods (AODC, DAPI staining) by at least one order of magnitude (Kogure et al. 1997) .
One of the most common indirect methods is the most probable number (MPN) method. This is a serial-dilution method that estimates the number of viable microbes in an undiluted growth medium based on a statistical analysis of the fraction of serially diluted replicate samples that fail to show microbial growth (Koch 1994) . A tube is scored as positive for microbial growth by several different types of assay such as development of turbidity, of visible or measurable metabolites, or of gas. Positives are then scored for each dilution in the series, which produces an estimate of original microbial concentration via specific statistical tests. Though this method can be used to measure relatively nonspecific growth in conventional media, it appears most often in community studies as a technique to examine specific physiological types such as nitrate-reducers (Lee et al. 2002) , dechlorinators (Davis et al. 2002) , and methanogens (Ludvigsen et al. 1999) , by use of specialized growth media.
As a primarily statistical method, MPN is considered less accurate if fewer samples are used. In this case, the samples for statistical analysis are the replicates of each serial dilution tube. Greater numbers of replicates and smaller dilution factors provide better statistical power. Thus, there is an implicit tradeoff between statistical viability and logistical feasibility (Koch 1994) . Unfortunately, the results of this method are still quite approximate even with many replicate tubes at a low dilution factor (INVAM).
Depending on the types of organisms being enriched in specialized media, this assay can take a very long time to perform. Incubation times as long as 6 months have been reported (Ludvigsen et al. 1999) . Still, the MPN possesses certain advantages. It is particularly useful for environments with low concentrations of organisms (<100/g), especially in milk and water, and for samples with particulate matter that may interfere with accurate colony counts (Blodgett 2001) . Also, MPN assays, which identify positives by the presence of detectable metabolic products, can theoretically detect target organisms even if they occur in small numbers in a sample overgrown by contaminating organisms (Koch 1994) .
Morphological counting
Morphological counting is a very straight forward procedure in which various morphotypes are directly identified and enumerated from an environmental sample. This method bears only a passing mention here, because it has rarely been used as a means of characterizing microbial communities since the advent of biochemical and genetic methods of community analysis. However, it can be of some use in restricted communities or as one facet of a more comprehensive analysis emphasizing more modern methods (Blank et al. 2002; Ferris et al. 2001) .
Flow cytometry and cell sorting
Flow cytometry (FCM) and cell sorting allow for the high-throughput separation of complex microbial assemblages on the basis of one or several measurable properties of individual cells. When combined with other methods of community characterization, this approach allows researchers to probe the relationships between form, function, and phylogeny, by physically separating the microbial community into parametrically-defined subsets.
FCM uses highly sophisticated machinery and software to determine, rapidly and directly, several parameters in a microbial sample including cell numbers, size distribution, and a range of biochemical and physiological characteristics. Microbial cells are made to pass a measuring window on the flow cytometer in a high-pressure jet of water while the instrument simultaneously measures multiple parameters from thousands of cells per second (Vives-Rego et al. 2000) . When FCM is combined with cell sorting technology, the result is the ability to physically separate large numbers of cells from a complex community sample on the basis of any one of a range of parameters. In a small but growing body of literature, the FCM and cell sorting technique has been combined with other methods of community characterization, allowing recovery of a defined population which is then subject to further analysis. Researchers can use these combinations of methods to obtain physiological and phylogenetic information from presorted groups. Conversely, a similar combination of methods allows the physical separation of a community sample into groups on the basis of phylogenetic information. These possibilities will be discussed in more detail when we deal with issues of complementarity.
For procedural references, see Bernard et al. (2000) ; Bernard et al. (2001) ; Vives-Rego et al. (2000) ; Wallner et al. (1997) ; Whiteley et al. (2003) .
Limitations, advantages, and complementarity
Simple flow cytometry that is not coupled to cell sorting can be used to classify and quantify microbial cells from complex communities on the basis of physical properties such as cell size (Robertson and Burton 1989) . Simple flow cytometry can also be coupled with community characterization techniques such as DAPI staining or oligonucleotide probe hybridization to classify and quantify on the basis of DNA content and phylogenetic association, respectively (Robertson and Burton 1989; Wallner et al. 1996) .
As mentioned previously, however, the most promising applications of FCM rely on concurrent use of cell sorting and other methods of community characterization. In these applications, cells are first sorted on the basis of such physical and physiological properties as size (Wallner et al. 1997) , viability (measured by direct viable count) (Bernard et al. 2001) , and respiratory activity (measured by staining with the electron acceptor CTC) (Whiteley et al. 2003) . Cells can also be sorted on the basis of hybridization to taxon-specific oligonucleotide probes, or even combinations of parameters listed above (Wallner et al. 1997) . Sorted subpopulations can then be subjected to molecular taxonomic identification methods such as 16S-LH-PCR (Whiteley et al. 2003) , 16S-DGGE (Bernard et al. 2000 (Bernard et al. , 2001 , and cloning and sequencing of 16S PCR amplicons (Wallner et al. 1997) . These combinations of methods, along with other methodological permutations, offer the potential to link form, function, and phylogeny -a goal greatly sought-after in microbial ecology.
Until quite recently, the combination of FCM and cell sorting and molecular biology was considered highly impractical due to the combination of slow cytometers and large biomass requirements for molecular analysis (Bernard et al. 2000) . A new generation of cytometers with improved sorting rates have opened the door for this kind of analysis, though its applications are still largely unexplored in the literature. Perhaps the largest barrier to wider application of FCM and cell sorting is the prohibitive cost of the equipment, in terms of money, space, and the technical skill required to operate (Vives-Rego et al. 2000) .
Another serious limitation of this technology is in its application to specific environments. The bulk of the reported work that uses this technology has been devoted to the study of aquatic environments that are ideally suited to flow cytometry since this technique requires its samples to be suspensions of single cells (Whiteley et al. 2003) . Nevertheless, at least one group of researchers have managed to successfully apply the technique to sediment and activated sludge (Wallner et al. 1997) . Even soil, with its complex matrix of bacteria and biofilms associated with physical particles, has been shown to be accessible to FCM and cell sorting, through the use of density gradient centrifugation using Nycodenz medium (Whiteley et al. 2003) . Table A1 (concluded).
